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ABSTRACT. 


The New Cornelia orebody at Ajo, Arizona, is a “porphyry 
copper” deposit consisting of chalcopyrite, with subordinate 
bornite, disseminated in a stock of quartz monzonite porphyry of 
presumable early Tertiary age. The ore deposit is the end prod- 
uct of a series of alterations of the monzonite porphyry, and is 
believed to offer clear evidence of its formation through magmatic 
processes. Petrographic study of the porphyry shows that the 
orebody lies in part of the mass that shows a peculiar groundmass 
texture with “corroded” phenocrysts that is interpreted as a late 
magmatic product and the first result of the series of changes 
through which the orebody was formed. Pegmatites are ap- 
parently younger than this late magmatic alteration, and are gov- 
erned by fissures, though they are largely replacement bodies. 
The monzonite surrounding the pegmatite masses has been heavily 
impregnated with potash feldspar and quartz of much finer tex- 
ture, and the usual zones of sericitization and chloritization sur- 
round the whole. The series of alterations seems to be unbroken 
from the late magmatic alteration that resulted in the corroded 
phenocrysts, through the pegmatite formation, the impregnation 
with quartz and potash feldspar, and the copper mineralization. 
Specular hematite seems to have been guided by controls other 
than those dominant in the copper mineralization, and appears to 
mark the first hiatus in an orderly sequence. It is possibly pneu- 
matolytic. Following the deposition of the specular hematite, the 
younger members of the alteration series seem to have been con- 
trolled by the same factors as the pegmatites. 

The deposit is thus interpreted as a product of magmatic evolu- 
tion under conditions that varied progressively and continuously 
from those appropriate to normal magmas through pegmatitic and 
into hydrothermal stages; the copper minerals are interpreted as 
derived from the magma without the interposition of any discon- 
tinuities. Crystallization and consequent enrichment of the 
magma in hyperfusibles seems adequate to account for a con- 
tinuous transition from magmatic through pegmatitic to hydro- 


1 Published by permission of The Director, Geological Survey, United States De- 
partment of the Interior, Washington, D. C. 
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thermal stages. Specular hematite represents the only product 
of this evolution that suggests other than a continuous evolution ; 
its distribution indicates a distinct break in the sequence and 
perhaps this stage of the mineralization may be best interpreted 
as involving volatile transfer. 

Weathering of the deposit has occurred in two stages: one 
prior to tilting of the whole mountain block containing the mine 
through an angle of nearly 60 degrees; the other in the erosional 
cycle now prevailing. In the earlier cycle there was a consider- 
able transfer of copper by downward enrichment, but in the later 
cycle the ore seems to have been oxidized essentially in place, with 
only very subordinate downward enrichment. No satisfactory 
explanation of this different behavior has been discovered. 


INTRODUCTION. 


SINCE the turn of the century, the theory of magmatic derivation 
of most ore deposits has been in complete ascendancy, but the 
difficulty of following the details of evolution of individual de- 
posits has led to a growing emphasis upon the objections to a 
theory of continuous transition from magma to ore. In fact, 
these difficulties, which no one would deny, have recently been so 
much to the fore that the magmatic theory itself has come into 
question. Many, perhaps most, students who accept the mag- 
matic theory believe that a sharp discontinuity must be postulated 
between magmatic and metallization stages. 

This difficulty in tracing the minutiae of transitions from 
magma to ore should not be surprising, even though every ore de- 
posit were a direct magmatic product, which is almost surely not 
true. The recognition of the widespread occurrence of closely 
related igneous rocks has led to practically universal acceptance of 
differentiation as the explanation of the systematic variations of 
successive intrusive rocks. Yet when attention is focussed upon 
any single ‘“consanguinous”’ pair of rocks the derivation of one 
from the other can seldom be so clearly traced as to demonstrate 
a single direct process. Appeal must commonly be made to a 
common parent “‘at depth,” and the relations of the rocks as found 
are seldom such as to lead to a unique determination of their re- 
lationship. 

Yet in such rock masses we are surely dealing with more con- 
densed systems than those responsible for many ore deposits. 


Whether volatile transfer is important or not, the bulk of the 
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magma must have less fugitive qualities than the bulk of the ma- 
terial from which late magmatic ore deposits must be formed. 
This should bring about wider dissipation of ores from their 
sources than of igneous rocks from theirs. It should, then, not be 
surprising that the tracing of ore deposits from an ultimate mag- 
matic source should be more difficult and indirect, even though 
such a source is correctly inferred. For this reason, a demon- 
strably close genetic relationship between a given intrusive rock 
and a given ore deposit is more to the point in the framing of an 
eventually satisfactory theory of ore deposits, than any number of 
examples of indirect or remote relationships. 

In the copper deposit at Ajo, it seems to me possible to find sug- 
gestions amounting to geologic proof of the derivation of the ore 
deposit from the magma that yielded the country rock of the de- 
posit. It is true that here, again, appeal must be made, at least 
in part, to deeper horizons than those now exposed, but the alter- 
ations of the host rock seem to have begun during a late magmatic 
stage and the locus of the alteration to have shifted very little 
throughout the development of the deposit. Although it is pos- 
sible to postulate the intervention of a pneumatolytic phase in the 
sequence of mineralization, this seems to be without support from 
the field data or microscopic studies, at least as far as the copper 
minerals are concerned. The distribution of the specular hema- 
tite of the area, however, shows controls distinctly different from 
those of the copper minerals, and for this, a pneumatolytic origin 
may be inferred, though not proved. 

If these inferences are correct, they seem worth calling to the 
attention of other workers, for discussion and criticism. The 
present paper thus presents a description and discussion of the 
Ajo deposit in advance of a more exhaustive and more adequately 
illustrated treatment in a forthcoming report of the Geological 
Survey, U. S. Department of the Interior.*. A brief description * 
has previously appeared. 

2Gilluly, James: The Ajo mininig district, Arizona. U. S. Geol. Surv. Prof. 
Pap., awaiting publication. 


8 Gilluly, James: The geology and ore deposits of the Ajo quadrangle, Arizona. 
Univ. Arizona Bur. of Mines Bull., 8: No. 11, 1937. 
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Fic. 1. Index map of Arizona, showing location of Ajo. 


PREVIOUS WORK. 

Prior to the work that forms the basis of this paper, only two 
papers had been published on the geology of the Ajo ore deposit. 
These are both excellent accounts, the first, by Joralemon,* giv- 
ing an appraisal of the geology prior to large scale development of 
the property, and the second, by Ingham and Barr,” containing a 
brief description of the geometry of the deposit. 


FIELD WORK AND ACKNOWLEDGMENTS. 


This report is based upon about ten months field work in and 
near the Ajo district during the period 1932-1934. In part this 
work was supported by a grant from the Penrose Fund of the 
Geological Society of America, which is here gratefully acknowl- 
edged. M. Curley, then General Manager, and A. T. Barr, Chief 
Engineer, New Cornelia Branch, Phelps Dodge Corporation, were 
generous in making available information and material of record 
in the corporation files. During office studies I profited greatly 
from consultations with many colleagues of the Geological Sur- 
vey, notably W. T. Schaller, J. J. Glass, C. F. Park, Jr., C. S. 


4Joralemon, I. B.: The Ajo copper-mining district. A. I. M. E. Trans., 49: 
593-610, 1914. 

5 Ingham, G. R., and Barr, A. T.: Mining methods and costs at the New Cornelia 
Branch, Phelps Dodge Corporation, Ajo, Arizona. U.S. Bur. Mines Inf. Cir. 6666, 


1932. 
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Ross, T. B. Nolan, H. G. Ferguson, and G. F. Loughlin. The 
manuscript has benefitted from the suggestions of Edward Wis- 
ser, C. M. Gilbert, R. S. Cannon, G. F. Loughlin and C. A. 
Anderson. Their help is sincerely appreciated. 

Owing to the press of other projects, it has been impossible to 
prepare this account more promptly. It should be understood, in 
the following, that reference is continually made to the conditions 
as exposed at the time of the completion of my field work in 1934. 
Since then the mine has been active and lower horizons are now 
exposed than were accessible at that time. I regret that it has 
been impossible to review the field work in the light of the deeper 
exploitation, although it is not probable that the newer develop- 
ments would modify the interpretations greatly. It may be 
pointed out that the present surface horizon, in the area of the 
New Cornelia mine, corresponds to a section through the deposit 
that, at the time of mineralization, had a nearly east-west strike 
and a dip of about 50° N. Accordingly, the deeper excavation 
of the present mine, which has mostly been at the south end of the 
deposit, does not expose rocks that were lower in the earth’s crust 
at the time of mineralization than those that crop out at the north 
side of the mine pit. 

GEOLOGY. 

Aside from dikes of several varieties that are of minor geologic 
interest, and the alluvial and talus material, only four geological 
formations of economic interest crop out within two miles of the 
New Cornelia mine. (Figs. 2 and 3.) These are: Cardigan 
gneiss (pre-Cambrian ?), the Concentrator volcanics (Creta- 
ceous ?), the Cornelia quartz monzonite (early Tertiary ?), and 
the Locomotive fanglomerate (middle Tertiary ?). The Ajo vol- 
canics, which interfinger with, and in part overlie the Locomotive 
fanglomerate, are hardly of economic interest. 


Cardigan Guneiss. 


The Cardigan gneiss ° crops out near the prospect of Cardigan, 
which lies west of the area shown in Fig. 2, and extends north- 


6 Gilluly, James: op. cit. (Univ. of Ariz. Bull.) pp. 14-20. 
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Geologic map of the vicinity of the New Cornelia mine, 
Ajo, Ariz. 
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east along the Gibson Arroyo fault (near west side of Fig. 2). 
It forms a band extending westward along the lower slopes of the 
Little Ajo Mountains for several miles. It forms dark brown 
hills and a rolling, rather than craggy landscape, and is generally 
poorly exposed. 

The Cardigan gneiss includes rocks of many varieties, ranging 
from almost massive or crudely gneissic to thoroughly schistose. 
The mineral composition of the rocks is nevertheless astonishingly 
uniform; the several rock varieties differ rather in the proportions 
of their constituent minerals and in textures and structures than 
in their mineral species. 
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Fic. 3. Geologic section along line I-I’ of figure 2. 


For the most part, the rock is a contorted gneiss that shows 
many injection features, and in places, evidences of refoliation. 
Although these features indicate that the rock has undergone 
metamorphism under extreme conditions, the minerals now com- 
posing it are albite, chlorite, quartz, muscovite, locally epidote and 
some microcline. Outcrops and hand specimens generally show 
signs of brecciation and this clearly occurred after the develop- 
ment of the refoliation. This is confirmed by the microscope, 
which shows microbrecciation of an older gneissic rock. Ac- 
cordingly the rocks are interpreted as having undergone meta- 
morphism during at least two periods. During the second, a low- 
grade hydrothermal metamorphism was imposed upon rocks 
that during the first period had undergone high-grade meta- 
morphism. Near the contact with the Cornelia quartz mon- 
zonite, much of the Cardigan gneiss shows a hornfels texture and 
the feldspars are andesine rather than albite. This hornfels was 
formed from the normal albite-epidote-quartz gneiss so that it 
appears that both the injection and the later hydrothermal meta- 
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morphism recorded in the main body of gneiss antedated the em- 
placement of the Cornelia quartz monzonite, and hence the miner- 
alization of the New Cornelia deposit. Chemical analyses suggest 
that the Cardigan gneiss may have been derived from a quartz dio- 
rite, or that quartz dioritic injections have dominated over any 
originally sedimentary constituents of the formation.’ 

Evidence of a pre-Cambrian age is wholly indirect—there are 
no fossiliferous Paleozoic rocks present in the area. However, 
abundant fossiliferous boulders of large size and hence probably 
of local source are found in the Locomotive fanglomerate. These 
boulders are of recognizable Devonian, Mississippian and Penn- 
sylvanian ages and are composed of limestone that is but slightly 
altered and not at all sheared. Accordingly, it is inferred that 
the intense deformation recorded in the contorted structures of 
the gneiss almost certainly antedated these Paleozoic rocks and as 
it was probably of regional extent, the gneiss is most likely Pre- 
cambrian. 

No regional trends could be recognized in the structures of the 
Cardigan gneiss and its structure does not appear to have affected 
the emplacement of the Cornelia quartz monzonite. 


Concentrator Volcanics. 


General Features. The Concentrator volcanics * crop out in 
two areas, one on either side of the southeastern “prong” of Cor- 
nelia quartz monzonite that contains the New Cornelia mine. 
Here they form the immediate wall-rocks of the Cornelia quartz 
monzonite. Owing to the variety of rocks and the sporadic dis- 
tribution of the intense alteration of the formation, the topography 
carved on the Concentrator volcanics is highly variable, from 
rugged crags such as Arkansas Mountain (just southwest of the 
New Cornelia mine) and Concentrator Hill, to the northwest, to 
smooth open valleys such as are found west of the north part of the 
mine pit. 


7 Idem, pp. 18-19. 


8 Gilluly, James: op. cit. (Univ. of Ariz. Bull.) pp. 27-32. 
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The basement on which the Concentrator volcanics were de- 
posited is not exposed. The only older formation with which 
they are in contact is the Cardigan gneiss and this contact is a 
fault. However, the close association of the fault blocks of vol- 
canics and gneiss just east of the fault and the absence here of 
any other pre-monzonite rocks, suggest that locally the volcanics 
were deposited on the gneiss. Most of the structural observa- 
tions on the Concentrator volcanics were too uncertain to make 
a confident measure of the thickness. However, if those found 
are representative of the entire formation it is several thousand 
feet thick and there can be no doubt that its thickness exceeds 1000 
feet. 

The formation comprises flow-breccias, tuffs and flows. Nearly 
all are now more or less quartzose, but in nearly a third of the 
formation replacement textures and remnants of pilotaxitic 
groundmass fabrics suggest that originally the rocks were ande- 
sitic and that the quartz was largely introduced. Most of the 
formation, however, contains phenocrystic quartz and was doubt- 
less originally silicic, though post-magmatic replacement has en- 
riched these rocks in silica and soda also. Most of the feldspar 
is albite, but some rocks, especially those near the contacts of the 
monzonite, contain more calcic plagioclase, and are recognizable 
as andesites. Those containing albite, either as the only feldspar 
or accompanied by a little orthoclase, are classed as keratophyres 
and quartz keratophyres. 

Andesite. The least-altered andesite is medium to dark gray, 
with millimeter crystals of plagioclase and a little hornblende set 
in a dense groundmass. Even the freshest specimens show much 
alteration, and contain considerable chlorite, epidote, sericite and 
cloudy alteration products of feldspar. Remnants of andesine 
(average Any) are present along with hornblende, a little biotite 
and accessory apatite, zircon, sphene, and magnetite. Orthoclase 


has not been found in the less altered specimens, but occurs inter- 
grown with quartz in the more altered rocks. Remnants of an 
original pilotaxitic texture are locally discernible. 
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Immediately at the contact with the Cornelia quartz monzonite, 
the andesite is altered to dense hornfels, spangled with biotite or 
hornblende. In thin sections the rock appears much fresher than 
the non-hornfelsed rock, and has water-clear andesine or oligo- 
clase, very little orthoclase, and a good deal of quartz and biotite. 
The texture is the granulitic one characteristic of hornfelsed lavas. 

Keratophyre. Most of the andesite near but not in direct con- 
tact with the monzonite has been greatly altered. The feldspar 
is albite (Anz_4, exceptionally An,)), and includes epidote and seri- 
cite, with perhaps other unidentifiable minerals. The dark min- 
erals are largely represented by epidote and chlorite. Quartz and 
orthoclase occur in the groundmass and in some specimens make 
up most of it. In part they appear to replace the feldspar pheno- 
crysts and their texture resembles that of the quartz monzonite 
where it has been silicified and pegmatitized. 

Quarts Keratophyre. Most of the quartz keratophyre has been 
so intensely altered that fresh specimens are rare. The freshest, 
however, show abundant phenocrysts of feldspar and subordinate 
quartz, biotite, or chlorite after biotite, in a felsitic groundmass. 
Rounded quartz phenocrysts are as much as 2 mm but more com- 
monly 1 mm across; feldspar crystals average somewhat larger. 
Biotite is rarely found but most of, it has been altered to chlorite, 
and in a few rocks, pseudomorphs of chlorite nearly 1 cm long 
indicate the former presence of hornblende. 

Under the microscope the quartz keratophyres are all seen to 
have been altered. The dominant feldspar is albite, commonly 
more sodic than An,, invariably cloudy with sericite and locally 
containing coarse flakes of muscovite. Some crystals show a 
little zoisite or epidote but in most the inclusions that cloud the 
albite are too small for identification. [xcept in close association 
with felspathized monzonites which show the effects of replace- 
ment by orthoclase, orthoclase is confined to the groundmass, 
where it is intergrown with quartz. Quartz is present as partly 
resorbed phenocrysts and as a fine-grained constituent of the 
groundmass. It also occurs in veins and nests that cut the rock. 
Biotite is rare except in hornfelsed specimens, elsewhere it is 
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largely epidotized and chloritized, as is practically all of the horn- 
blende. Sericite is very widespread in curved wisps and rosettes. 

Quarts Keratophyre Tuffs and Tuff-breccias. The recog- 
nizably pyroclastic rocks contain pellets and fragments of quartz 
keratophyre that are commonly 2 cm but range up to perhaps 10 
cm in diameter. The matrix is lithic. Under the microscope the 
rocks do not differ from the massive quartz keratophyres except 
in the clastic textures. No shard structures are recognizable. 

Origin and Alteration. The source of these volcanics can not 
be determined; their boundaries against other formations are 
fault, intrusive and erosional contacts. Only the impression 
that the grain size of the pyroclastic members diminishes eastward 
and hence that the material was probably derived from the west 
gives a basis for a conjecture as to the source. 

As deposited the formation was probably andesitic and rhyo- 
litic; its albitization was doubtless post-magmatic and hydrother- 
mal. There have been several periods of hydrothermal alteration 
in the Ajo region. One period apparently coincided with the time 
of brecciation of the Cardigan gneiss and other formations to 
the west of the mining area but the Coricentrator volcanics have 
not been affected by this shearing and are hence younger. The 
Cornelia quartz monzonite was partly albitized at the time of the 
New Cornelia mineralization. There is thus a question as to 
whether the hydrothermal alteration of the Concentrator volcanics 
also occurred at this time. 

However, some of the albitization of the Concentrator volcanics 
seems to have been independent of that of the Cornelia quartz 
monzonite. It is locally quite as complete in areas remote from 
the orebody and from other albitic areas in the Cornelia quartz 
monzonite as it is near them. For example, on the ridge half a 
mile west of the orebody the volcanics are thoroughly albitized but 
the quartz monzonite nearby contains fresh andesine. Similar 
contrasts occur elsewhere far from mineralized areas. Owing to 
the highly variable permeability of the volcanics this evidence is 
not conclusive, though it suggests that part of the albitization of 
the Concentrator volcanics antedated the Cornelia quartz mon- 
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zonite. . Possibly the volcanics have been hydrothermally altered 
at two periods, one prior to and the other coincident with the 
albitization of the Cornelia quartz monzonite. 

Thus it is possible that the hornfelsed portions of the volcanies 
that are not now albitic may formerly have been albitized and owe 
their present more anorthitic feldspars to the contact effects of 
the intrusive. However, as these rocks contain feldspars with 
normal zoning, their present composition is probably primary, for 
high grade metamorphism of igneous rocks ordinarily eliminates 
zoning, or even reverses it. Accordingly the lack of albitization 
in this hornfels zone may be in part fortuitous as the formation 
is locally unalbitized elsewhere; in part it may be due to the elimi- 
nation of porosity in the rocks during their contact alteration so 
that they were not readily affected by later albitizing solutions. 
As the albitization of the volcanics is generally especially strong 
near the mineralized area of the monzonite, though there are some 
notable exceptions to this rule, some additional alteration at the 
time of intrusion of the monzonite is highly probable. It is, in- 
deed, possible that the alteration of the volcanics was all caused at 
this time. 

Age. VDirect fossil evidence to date the Concentrator volcanics 
is lacking. Only the facts that the formation locally contains a 
few boulders of Paleozoic rocks and that the post-volcanic history 
is long and complex are guides to a tentative classification of the 
volcanics as Cretaceous.° 


Cornelia Quarts Monzonite. 


The Cornelia quartz monzonite and its dioritic border facies are 
exposed over an area of about 6 square miles, embracing much 
of the Little Ajo Mountains. The New Cornelia orebody is in the 
southeastern part of this mass. From the southeastern tip of this 
body, just southeast of the New Cornelia pit, the monzonite out- 
crop widens westward and northwestward to Camelback Moun- 
tain, where a belt of Cardigan gneiss and Concentrator volcanics 


® Gilluly, James: op. cit. (Univ. of Ariz., Bull.) pp. 31-32. 
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along Gibson Arroyo nearly completely separates this southeast- 
ern prong from the main body of the stock to the west. 

The Cornelia quartz monzonite invades the Cardigan gneiss and 
Concentrator volcanics and is unconformably overlain by the 
Locomotive fanglomerate. All the intrusive contacts seen are 
sharp and distinct except in mineralized areas; most stand at high 
angles and seem unrelated to such wall-rock structures as can be 
recognized. The contact along the southern border, both of the 
main mass and of the New Cornelia prong, dips steeply south. 
As noted in the section on structure, the original dip was 
much more gentle. On the north the entire mass is cut off by the 
Little Ajo Mountain fault so that nothing is known as to the 
former extent in this direction. Diamond drilling suggests that 
the south end of this intrusive is a dike with a definite bottom *° 
(Fig. 3). How far north this form is maintained is uncertain as 
drilling has not been done north of the known mineralized area. 

So far as observed, the wall rocks show no structural effects of 
the intrusion. The contact zone consists of hornfels, not schist, 
the gneissic structure of the Cardigan gneiss shows no relation to 
the contact, and no arching or other displacement of the Concen- 
trator volcanics has been detected. So far as it can be made out, 
the structure of the volcanics seems practically identical on the two 
sides of the intrusive. 

Facies. The Cornelia quartz monzonite comprises several 
facies: fine-grained, equigranular quartz diorite, equigranular 
quartz monzonite, porphyritic quartz monzonite, aplite and peg- 
matite. Quartz diorite, the oldest facies, has been separately 
mapped ; it can be seen to be almost confined to the borders of the 
intrusive. The other facies, except the aplites, appear to be con- 
nected by indistinct transitions and their distinction on the map 
would be highly arbitrary. The aplitic rocks are somewhat 
younger than the others and cut the equigranular facies in east- 
trending dikes with indistinct walls. None occur in the orebody. 


10 Ingham, G. R., and Barr, A. T.: Mining methods and costs at the New Cornelia 
Branch, Phelps Dodge Corporation, Ajo, Ariz. U.S. Bur. Mines Inf. Cir. 6666, fig. 
3, 1932. 
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Quartz Diorite. Quartz diorite occurs along the west border of 
the Cornelia quartz monzonite far to the west of the portion 
shown in Fig. 2, in a zone nearly half a mile wide, from which a 
narrow projection extends along the south contact for about 2000 
feet. In the area shown on Fig. 2 there is a band along the con- 
tact of the gneiss in Gibson Arroyo from a point just south of 
Gibson to the south contact of the main intrusive. In places on 
Camelback Mountain this mass is intimately veined and cut by a 
great profusion of irregularly oriented stringers of quartz mon- 
zonite. Narrower diorite bands occur in the south and east sides 
of the New Cornelia mine, and irregular dikes extend into the 
Concentrator volcanics in the east. 

These diorite bodies near the mine pit are known from diamond 
drilling to be tabular parallel to the contact. In areas of intense 
alteration it is locally difficult to distinguish the quartz diorite 
from the Concentrator volcanics. The contacts with the quartz 
monzonite are much more readily followed. Nevertheless, the 
field distribution, chemical composition and microscopic features 
all point to a close relation between the quartz diorite and the 
quartz monzonite. The relations on Camelback Mountain and 
elsewhere suggest that the quartz diorite was consolidated prior to 
the emplacement of the quartz monzonite, although both were 
apparently controlled by the same magmatic conduit. 

Where least altered, the quartz diorite is a medium gray, fine- 
grained rock that weathers dark gray. In hand specimens, plagio- 
clase, chloritized hornblende and biotite are easily recognized, 
quartz is locally identifiable and pink feldspar occurs only near 
aplitic veins or contacts of monzonite. Microscopically, the 
plagioclase is moderately zoned andesine (Ango—Ango) though oc- 
casional crystals show zoning from An,» to Any. Near the mine 
most of the plagioclase is sericitized and indeterminate, although 
in some of these sericitic crystals the base is albite. Biotite 
(8 = 1.640 + .003) is chiefly altered to chlorite. Hornblende 
(pleochroic in dark and light yellow-green, extinction inclined 
22°), though plentiful to the west, is almost all chloritized near 
the mine. Augite has been found in a few specimens from the 
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western localities. Many specimens contain no recognizable ortho- 
clase but some from close to the quartz monzonite boundary have 
the other minerals poikilitically enclosed in orthoclase. Locally 
the orthoclase coats the plagioclase in distinct zones like those of 
zoned plagioclase (antirapikiwi texture). Primary quartz seems 
all to be in the smaller crystals. Accessory minerals are magnetite, 
apatite (generally corroded), zircon, a little rutile and considerable 
sphene, which is euhedral in the fresh specimens but anhedral in 
the more altered. The texture is granitic or varies toward granu- 
litic, as the quartz is chiefly in round granules in the groundmass. 
Locally there are patches of micrographic intergrowth. 

Equigranular Quartz Monzonite Facies. The main mass of 
the Cornelia quartz monzonite is equigranular. Commonly the 
rock is light pinkish-gray, but it is locally white, chalky or green 
gray, depending on its content of potash feldspar and the extent of 
alteration. 

The feldspars range from 2 mm to 6 mm in size. There are 
gradations into the porphyritic and aplitic varieties. Pink ortho- 
clase, white plagioclase, quartz, biotite, hornblende, magnetite and 
more or less sphene can be recognized with the hand lens. Com- 
monly the orthoclase crystals are of about the same size as those 
of plagioclase, but in places are slightly finer-grained and form a 
matrix for the plagioclase phenocrysts in the transition to the 
porphyritic texture. 

In thin section, the plagioclase shows strong zoning, generally 
from An; to Aneo (locally Ang to Any). The potash feldspar is 
largely cryptoperthite but some is microcline microperthite with 
oligoclase veinlets. Quartz is commonly in rounded lobate forms. 
Brown biotite is the dominant mafic mineral; some as pseudo- 
morphs of hornblende. and some as independent crystals. The 
hornblende is identical in optical properties with that in the diorite. 
A few sections contain a little augite, partly altered to hornblende. 
Accessories are apatite, zircon, magnetite and abundant sphene. 
Most of the rocks have been more or less altered, with the produc- 
tion of actinolite after hornblende, chlorite and epidote from all 
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Fic. 4 (Upper) A. Cornelia quartz monzonite, granitic texture, from 
Camelback Mountain about 2000 feet NW of the New. Cornelia pit. 
Suggestions of micrographic texture occur: pl, plagioclase; or, orthoclase ; 
q, quartz; bi, biotite. Tracing of photomicrograph. B. Cornelia quartz 
monzonite, from Cardigan Peak, half a mile west of the New Cornelia 
Mine, showing normal monzonitic texture, with a little micrographic 
quartz-orthoclase intergrowth. Tracing of photomicrograph. C. Cor- 
nelia quartz monzonite, from point north of Cardigan Peak and 2000 feet 
W of New Cornelia mine. Shows denticulate pattern of quartz and 
orthoclase, ranging from an approach to a micrographic texture in places 
to a pattern that interrupts the boundaries of the plagioclase in others. 
The biotite is quite fresh and there are no other indications of hydro- 
thermal alteration. The incipient corrosion of the plagioclase is regarded 
as late magmatic. Tracing of photomicrograph. 

Fic. 5 (Lower) A. Tracing of photomicrograph of Cornelia quartz 
monzonite from a point 1000 feet NW of the New Cornelia mine. 
Showing porphyritic texture common near the orebody, with andesine (I, 
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the dark minerals and sericite and albite from the plagioclase. A 
little coarse muscovite occurs in shear zones. 

Texture ranges from normal granitic (Fig. 44) through mon- 
zonitic (Fig. 4B) to micrographic. Except for the tendency for 
potash feldspar to be slightly less abundant near the borders of the 
mass the proportions of the minerals, though greatly differing 
from place to place, show no systematic variation. 

Porphyritic Facies. Although locally present in the larger mass 
to the west, most of the porphyritic facies is in the area shown on 
Fig. 2, that is, in the area southeast of Camelback Mountain. The 
porphyritic facies does not closely coincide in distribution with the 
mineralized area, however, so that no close genetic relation between 
the two is suggested. 

The fresh porphyritic quartz monzonite is light to medium gray, 
with a pinkish cast. The average size of the plagioclase pheno- 
crysts is about the same as the average for the equigranular facies 
—3 to 5 mm—but they range up to as much as 15 mm in length. 
The biotite and less abundant hornblende crystals are slightly 
smaller. Quartz and orthoclase are sparse among the phenocrysts 
but crystals as much as 5 mm long occur. The groundmass con- 
sists of plagioclase, orthoclase and quartz, generally fine-grained 





cleavage and twinning suggested), only slightly sericitic and albitized, in 
a groundmass composed of round grains of quartz (q, blank), and ortho- 
clase (or, dotted pattern), that irregularly indents the borders of the 
plagioclase. Biotite, (one small crystal visible) is only slightly chloritized. 
B. Tracing of photomicrograph of porphyritic facies of Cornelia quartz 
monzonite from a depth of 650 feet in diamond drill hole in south central 
part of New Cornelia pit. Showing porphyritic texture, with corroded 
quartz phenocrysts and irregularly-bounded sericitic albitized plagioclase 
in a groundmass of round grains of quartz and orthoclase (qg-or, individual 
grains not indicated) and chlorite (ch). A rosette of chlorite in plagio- 
clase. C. Tracing of photomicrograph of mineralized Cornelia quartz 
monzonite from depth of 350 feet in core drill hole at NE corner of New 
Cornelia pit. Shows detail of contact relations of plagioclase phenocryst 
(pl) embayed by round quartz crystal and orthoclase, which follows 
the contact between quartz and plagioclase. 
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(.2 mm average) but ranging up to 1 mm in size. Plagioclase, 
though more abundant than orthoclase among the phenocrysts, 
is less abundant in the groundmass. Both feldspars are seriate 
but practically all biotite and most hornblende is confined to the 
phenocrysts and most quartz is in the groundmass. Sphene is 
present in crystals that average about 1 mm long, being thus con- 
siderably smaller than those of the equigranular facies. Grada- 
tions between the porphyritic and equigranular facies are common. 

Under the microscope, the rock shows a granitic groundmass 
texture, that locally varies to micrographic. The plagioclase is 
generally zoned from An;; to Ano, but some of the cores are as 
calcic as An,;, and the rims as sodic as An;. In the specimen 
analyzed, No. 1, Table 1, the core is close to Anzs, mantled by re- 
peated zones Ans and Ans, and an external shell of composition 
close to Ano, and is probably slightly more sodic than the average 
for the facies. 

Hornblende is generally subhedral, Z = Y, dark green; X 
light yellow-green, extinction of 24°, 8 = 1.654 + .003. Biotite, 
of the common variety, 8 = 1.637 to 1.644, is strongly pleochroic 
in brown. In some rocks orthoclase (possibly cryptoperthite?) 
occurs in large crystals that contain inclusions of plagioclase, the 
dark minerals, and accessories. Quartz forms irregular grains 
that generally interfere with the development of orthoclase—less 
commonly of plagioclase—crystals. A few stringers of quartz 
penetrate undeformed orthoclase crystals in a texture reminiscent 
of perthite. 

Sphene is generally euhedral, apatite is generally in rounded 
prisms as much as .3 mm long. Zircon and sparse magnetite are 
also accessory. 


Even the freshest specimens show slight alteration—presumably 
due to solutions of local source—so that chlorite after the dark 
minerals, sericite and a little epidote after the plagioclase, are found 
sporadically in all the rocks examined. 

The above description is applicable to the representative speci- 
mens outside the mineralized area. In and near the orebody, 
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‘however, the alteration of the porphyritic facies has been profound. 


Though much of this alteration is regarded as late magmatic and 
hence might properly be considered as a characteristic of the entire 
facies, especially as signs of it have been recognized far from the 
orebody, it is so prominent near the ore deposit that it is here 
discussed in connection with the mineralization. 

Age. No direct evidence is available for dating the intrusion 
of the Cornelia quartz monzonite. From consideration of the 
relations to the Concentrator volcanics, which contain a few 
boulders of Paleozoic rocks, it is obviously post-Paleozoic, and 
inasmuch as several epochs of sedimentation, deformation, and 
volcanism have transpired since it was emplaced, it is tentatively 
regarded as of early Tertiary age.** 


Locomotive Fanglomerate. 


The eroded edges of the Concentrator volcanics and the Cor- 
nelia quartz monzonite body intrusive into it, are overlain uncon- 
formably by the Locomotive fanglomerate. Scattered outcrops 
also occur north of the Little Ajo Mountain fault (Fig. 2). Al- 
though younger than the ore deposition, this formation is of in- 
terest as it may conceal ore in unexplored places to the south of 
the known deposit and because its present attitude gives clues to 
the deformation that has occurred in the area since the emplace- 
ment and mineralization of the Cornelia quartz monzonite. 

The unconformity at the base of the fanglomerate represents a 
period of erosion sufficiently long to have exposed the plutonic 
Cornelia quartz monzonite at the surface and to have produced a 
zone of secondary enrichment in the New Cornelia orebody. The 
erosion surface thus produced was one of considerable relief, as 
several thousand feet of fanglomerate wedge out against it. 

The fanglomerate is extremely heterogeneous in both composi- 
tion and grain size. Four-foot boulders are common and blocks 
as much as 7 by 6 by 3% feet occur, in a poorly-sorted matrix of 
cobbles, sand and silt. Locally there are water-sorted beds and, 


11 Gilluly, James: op. cit. (Ariz. Bur. of Mines Bull.) p. 39. 
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in fact, they are found at sufficiently close intervals so that it is 
nearly everywhere possible to determine the attitude of the forma- 
tion, but much of it is apparently composed of mud-flow material 
with no small-scale stratification. 

Fragments found in the fanglomerate include indentifiable repre- 
sentatives of all the rocks previously described, together with 
boulders of limestone containing Paleozoic fossils, of quartzite, not 
elsewhere recognized in the region, and of andesite that is probably 
derived from the partly contemporaneous Ajo volcanics. Gen- 
erally one or the other of the rock varieties mentioned predominates 
greatly in any single outcrop. Especially where the fanglomerate 
rests on a basement of one formation, detritus from that formation 
is notably abundant. Even at some distance from any apparent 
source each layer—2 to 40 feet thick—is likely to be composed of 
a single rock variety, though overlying and underlying beds are 
dominantly of different rocks. 

Toward the top, the Locomotive fanglomerate interfingers with 
and is finally conformably overlain by andesitic breccias, tuffs and 
flows of the Ajo volcanics. Only two of such interbeds are shown 
on the accompanying map (Fig. 2) and this overlying formation 
has no discernible relation to the mineralization so that it is not 
further discussed. ; 

The maximum thickness of the fanglomerate is about 12,000 
feet. No faults that might have duplicated the section were de- 
tected, and the remarkable regularity with which the attitude 
changes along and across the strike makes it seem improbable 
that any important ones exist. Obviously, this thickness of such 
coarse material implies contemporaneous uplift of the source area 
for there must have been considerable relief even toward the close 
of the period of deposition. However, if this uplift was by 
faulting, it apparently took place somewhat farther to the north 
than the main part of the Little Ajo Mountains. 

No indigenous fossils have been found in the fanglomerate and 
its age is arbitrarily placed as middle Tertiary, as the complex 
later history of the region implies a considerable geologic age. 
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“I 


STRUCTURE. 


Though there are a few small faults that offset the basal contact 
of the Locomotive fanglomerate, the only faults of significance 
with respect to the mineral deposit are the Gibson Arroyo fault and 
the Little Ajo Mountain fault. 

The Gibson Arroyo fault, at its southern exposure, is over- 
lapped, outside the limits of Fig. 2, by the Locomotive fanglom- 
erate, which it does not displace. At this point it brings Concentra- 
tor volcanics against the Cardigan gneiss. This relation per- 
sists to the north-northeast along the fault for a little more than a 
mile, into the upper part of Gibson Arroyo. The fault is well 
exposed at many points and dips about 50° ESE. Near the con- 
tact of the Cardigan gneiss and the Cornelia quartz monzonite 
in the footwall, the hanging wall changes from Concentrator 
volcanics to the quartz diorite facies of the Cornelia quartz mon- 
zonite. This might suggest that the fault is pre-intrusive, but I 
believe that the change is not thus significant, for a slickensided 
fault surface is exposed on the strike to the north for several hun- 
dred feet, with quartz monzonite on both walls, and many 
andesitic dikes in the intrusive are cut off by the fault. Slivers 
of volcanics and gneiss also occur along the fault for several 
hundred feet north of the contacts. Several minor transverse 
faults offset the Gibson Arroyo fault southwest of Camelback 
Mountain (only one is shown in Fig. 2). 

The Gibson Arroyo fault is a normal fault, that has dropped 
the Concentrator volcanics with respect to the footwall at least 
4000 feet—the width of the outcrop of the volcanics, which are 
absent from the footwall. Before it was tilted by movement 
along the Little Ajo Mountain fault the dip of this fault was con- 
siderably steeper than it now is. The southeastern dike-like prong 
of the Cornelia quartz monzonite, which contains the New 
Cornelia orebody, was formerly a structurally higher part of the 
same body as the main stock to the west and, prior to the Gibson 
Arroyo faulting, was not separated from the western body by the 
screen of dioritic border facies, Cardigan gneiss and Concentrator 
volcanics that now intervenes between them. 
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The other major fault of the mining district is the Little Ajo 
Mountain fault, which cuts off the entire mountain block on the 
north, and marks the limit of the homoclinal deformation indi- 
cated by the attitude of the Locomotive fanglomerate. Although 
the Locomotive fanglomerate is extremely coarse, it clearly owes 
most of its present dip to tilting. The essentially uniform atti- 
tude of the formation over large areas strongly suggests block tilt- 
ing rather than folding as the cause of the present high dip and 
as the dip persists practically to the fault, it is assumed that the 
Little Ajo Mountain fault marks one side of the block involved. 
The mountain block has been tilted to an average dip of 50° for 
at least 2 miles south of the fault and the dip diminishes gradu- 
ally to the south for another 2 or 3 miles. Thus the throw of the 
fault cannot be less than 5000 feet and probably is more than 10,- 
000 feet. The fault is poorly exposed but dips north at a high 
angle; it is therefore normal. It is clear that the Little Ajo 
Mountain fault is younger than the Gibson Arroyo fault, as the 
homoclinal fanglomerate whose dip is attributed to motion on this 
fault overlaps the Gibson Arroyo fault without offset. 

When the post-mineral tilting of the mountain block that con- 
tains the New Cornelia orebody is taken into account, it becomes 
evident that the present areal map represents a section of the rocks 
projected upon a plane that at the time of mineralization was not 
horizontal, but dipped north-northeastward at about 50° or 60°. 
The apparent horizontal northward offset of the Concentrator vol- 
canics on the hanging wall of the Gibson Arroyo fault thus repre- 
sents an offset in a plane that was more nearly vertical than hori- 
zontal at the time of movement. Similarly, the southeastward 
prong of the Cornelia quartz monzonite that is terminated by the 
orebody, was not a lateral but a nearly vertical offshoot from the 
larger body to the west, and in fact had the relation of a cupola on 
the stock at the time of mineralization. These relations have been 
discussed more fully and have been diagrammatically illustrated 
in another place.*® 


12 Gilluly, James: Geology and ore deposits of the Ajo quadrangle. Ariz. Bur. 
Mines Bull., 8, No. 1: 74-75, Pl. II, 1937. 
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ROCK ALTERATION. 


General Features. The petrographic descriptions given above 
of the several facies of the Cornelia quartz monzonite apply 
chiefly to the rocks outside the immediate vicinity of the orebody. 
Near the orebody, the representatives of all the facies have under- 
gone intense alteration, of which part seems to date from a late 
magmatic stage in the history of the quartz monzonite, and part 
from a time later than the complete consolidation of the mass at 
the exposed levels. In general, the anomalous features that are 
referred to a late magmatic stage are most pronounced in the 
porphyritic facies of the intrusive but they have been found in 
small amounts far to the west, in the equigranular part of the 
massif. 

The anomalous features of the rocks that are believed to be due 
to late magmatic alteration are largely textural. They are be- 
lieved to indicate some attack on the early formed crystals by the 
residual magma, and hence a slight change in the bulk composition 
of the rock but such changes were negligible in comparison with 
those of post-magmatic age. The more intense post-magmatic 
alteration included considerable pegmatitization, feldspar replace- 
ment and mineralization. 

Late Magmatic Modifications of the Cornelia Quartz Mongzonite. 
Minor feldspathization and the development of a peculiar ground- 
mass texture in the quartz monzonite are referred to a late mag- 
matic stage. These features though locally found elsewhere, are 
abundant only in the lobe of the quartz monzonite that contains 
the New Cornelia orebody. They are not confined to the highly 
altered rocks of the orebody but occur in rocks with fresh andesine 
several hundred feet from the nearest copper mineralization, as 
well as within the orebody, where the plagioclase is entirely saus- 
suritic, 


These rocks are characterized by round blebs of quartz that 
range between .1 and .3 mm in diameter, interstitial to and poiki- 
litically enclosed by subhedral.crystals of orthoclase, .3 to .8 mm 
in diameter. Round inclusions of quartz and orthoclase are also 
poikilitically contained in all the other minerals of the rock : sphene, 
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hornblende and biotite, as well as plagioclase, but they are espe- 
cially abundant in plagioclase. Such round grains dominate 
the groundmass. In the rocks containing them, the pheno- 
crysts of plagioclase and quartz show rounded penetrations 
of their borders by these small crystals of quartz and orthoclase. 
Practically no uninterrupted crystal faces occur on the large crys- 
tals as they do in the normal porphyry. (Figs. 4C (incipient), 
5A, B, C, 6A, and 8C.) Nevertheless, the general outlines of the 
phenocrysts have been preserved, and the alteration is not con- 
spicuous except under the microscope. Furthermore, the plagio- 
clase crystals, despite their corroded borders, are nearly as abun- 
dant and conspicuous throughout the mass characterized by this 
textural modification as they are elsewhere. They are of about 
the same size and shape, and only exceptionally are cut through by 
quartz and orthoclase veinlets without obvious brecciaticn. The 
corrosion of the boundary faces of the phenocrysts is not accom- 
panied by any significant increase in potassa or silica content 
(Table 1, Nos. 3 and 4 are “normal” textured; Nos. 5, 6, 7 are 
“corroded’’), so that little K,O0 or SiO, seems to have been added 
to the rock by the process that produced this texture, although, 
during the later pegmatitic alteration, such material transfer was 
great. Relics of the normal porphyritic rock occur within the 
mass that is generally characterized by this corroded texture. 

The minor textural relations of the minerals seem to require 
that replacement was a factor in producing them. However, the 
alteration affected a large body of rock, within which there seems 
to have been practically no control of the alteration by fractures or 
fissure zones—the modification was general. Had the corrosion 
of the crystals and groundmass occurred in post-magmatic time, 
one would expect to find the attack localized along breccia zones 
and fissures, and there should be less preservation of gross crystal 
forms of the plagioclase than is found. In the orebody proper, 
the later alteration—presently to be discussed—was governed by 
the fissuring and was destructive of older crystals largely in pro- 
portion to their transection by such cracks. The orebody is thus 
a metamorphic product in the strict sense. However, the local 
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modification of the monzonite to the “corroded texture” above de- 
scribed is not controlled by these features and is uniform through 
considerable volumes of rock. The contrast with the pegmatitiza- 
tion and feldspathization of later date is striking. Furthermore, 
the trivial changes of bulk composition of the rocks seem to ex- 
clude an assumption that the entire groundmass of the rocks show- 
ing this texture is of replacement origin, especially as the pheno- 
crysts, though corroded, are of about the same size and relative 
abundance in rocks with this texture as in rocks with granitic or 
monzonitic textures. An alternative interpretation that seems 
better in keeping with these facts than the hypothesis of bulk re- 
placement is that, in a late stage in magmatic consolidation, while 
the groundmass was still partly liquid, the equilibrium conditions 
suddenly changed and the residual liquid began to attack the crys- 
tals already formed. The available energy was evidently slight, 
so that the attack was hardly begun before it was stopped by com- 
plete consolidation. Thus, though the textural modifications are 
probably due to replacement, the process was carried on by the 
normal residual liquid of the magma, so that there was no great 
change in the composition of the rock as a whole. Locally, in and 
near the pegmatitic areas of the orebody, replacement continued 
after the rock was consolidated and fractured, and here consider- 
able changes in bulk composition were brought about. 

It seems significant that, although some of the rocks that con- 
tain this “corroded” texture have fresh andesine, identical with 
that in the normal porphyry, most of them have albitized and seri- 
citic plagioclase. On the other hand, albitic plagioclase, though 
it is exceptionally found in them, is not common in rocks with nor- 
mal textures. There thus seems to be some genetic association 
between albitization and the development of this texture, though 
it is not direct. Inasmuch as the albitized rock, in turn, is associ- 
ated with sericitic and chloritic rock, and this with metallized rock, 
the “corroded” texture is regarded as the first effect in a sequence 
of rock alteration that culminated in ore deposition. 

Post-Consolidation Alteration. After consolidation, much of 
the lobe of Cornelia quartz monzonite southeast of Camelback 
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Mountain was shattered and cracked and permeated by solutions 
of magmatic origin. These produced a long series of mineral 
transformations and introduced much material to the rocks, re- 
sulting in the formation of the New Cornelia orebody. The meta- 
morphism was affected by two controls, the fracturing of the rock 
mass and its penetration by the solutions. 

The fracturing of the rock in the Cornelia orebody has been ex- 
tremely intimate. Attempts to work out a systematic arrange- 
ment of the fractures have been fruitless. The joints and cracks 
now visible in the orebody are not those that governed the perme- 
ating solutions at the time of ore deposition for many of these 
earlier cracks were healed by the deposition of vein and replace- 
ment minerals. Examination of outcrops, hand specimens and 
thin sections indicates that in the entire volume of the orebody 
hardly a piece of rock 14 inch on a side has remained unfractured 
and in much of the mass the fractures are still more closely spaced. 
There is no regularity evident in the orientation of these fractures 
and little suggestion of displacement along them; for the most 
part, the rock is “crackled” rather than sheared. This crackling, 
not evident elsewhere in the monzonite, must have had a highly 
localized cause. Perhaps it records a local collapse of the roof of 
the stock due to shrinkage on cooling or to escape of magma or 
part of its volatiles from lower horizons, or to “solution stoping.” 
On the other hand it might be due to volcanic explosions that over- 
came the pressure of the cover rocks. The occurrence of the 
most highly shattered rock within the part of the porphyry that 
shows the “corroded’’ texture just discussed suggests that pos- 
sibly the shifting equilibrium that led to attack of the groundmass 
on the phenocrysts during the latest magmatic stages may have 
been a phase of solution stoping that carried on into the post- 
magmatic history of the rock. However, no suggestion of a pipe- 
like form such as is commonly found in collapsed areas** could 
be detected. The crudely circular outcrop of the deposit is not 
representative of an originally horizontal section of the orebody, 


13 Locke, Augustus: The formation of certain orebodies by mineralization stoping. 
Econ. Grot., 21: 431-453, 1926. 
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but represents a section that stood at a high angle at the time of 
mineralization. Erosion has obliterated much of the evidence of 
the original form of the deposit, so that the ultimate cause of the 
brecciation seems not to be determinable from present informa- 
tion. 

Whatever the cause of the brecciation, it did not operate simply 
at the beginning of the metamorphism and then stop, but, as 
shown by the transection of fissures by others that contain dis- 
tinctly different minerals (Fig. 64), it continued through much 


8 





i.mm. 


——_—— 


Plagioclose, pl, Chlorite,ch; Orthoclase,or; Quartz, q, Chalcopyrite, cp; 


Fic. 6A. Camera lucida drawing of microscopic features of repre- 
sentative quartz monzonite ore from the New Cornelia mine. Shows 
flooding of the groundmass of the monzonite by fine-grained orthoclase, 
with a little quartz, which also replace plagioclase along cross-cutting frac- 
tures; also distribution of chalcopyrite along veinlets later than the ortho- 
clase. Plagioclase sericitized and saussuritic. B. Tracing of photo- 
micrograph of representative quartz monzonite ore from the New Cor- 
nelia mine. Shows a single crystal of saussuritic and sericitic plagioclase, 
which has been veined and partly replaced by orthoclase. The orthoclase 
veinlet contains a little quartz in the middle. Rosette chlorite replaces 
orthoclase (lower part of drawing). 


of the period of mineralization. Although these features might be 
considered evidence of distinct pulses of brecciation and mineraliza- 
tion, the mineral sequence seems to have changed gradually. 
Both mineralization and brecciation seem to have proceeded simul- 
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taneously and essentially continually, throughout the mineraliza- 
tion period. 

The Ajo orebody is the product of this metamorphism. Solu- 
tions penetrating the brecciated rock deposited a long series of 
minerals, partly by replacement of the monzonite or of minerals 
previously formed by replacement of the monzonite, and partly as 
fillings of open spaces along the fissures. Fig. 7 shows the ap- 
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Fic. 7. Sequence of formation ofthe metamorphic minerals of the New 
Cornelia orebody. Based on field distribution, study of hand specimens, 
and thin and polished sections. 


parent order of formation of the metamorphic minerals of the ore- 
body. The evidence on which it is based is partly illustrated in 
the figures and in part is presented in the following discussion. 
The earliest phase of the mineralization was the introduction of 
considerable masses of pegmatite (Fig. 11B) along two main, and 
several subsidiary zones that now trend north-northwest. Most 
of this pegmatite is clearly of replacement origin. It consists of 
coarsely crystalline microcline, orthoclase, quartz, a little leafy 
biotite, and much leafy chlorite. At its contacts, it blends with 
the host monzonite and contains residua of normal-textured mon- 
zonite porphyry interstitial to the coarse-grained feldspar and 
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quartz. Poorly defined offshoots of pegmatite extend into the 
monzonite along courses that presumably were fissures. 

Despite the blending contacts of the pegmatites they were clearly 
controlled by definite channels, and hence were formed in a host 
rock that was well-enough consolidated for fracturing. In fact, 
a large part of the evidence on which a replacement origin is pos- 
tulated is the transection, by the pegmatite, along highly sinuous 
boundaries, of older structures and textures of the monzonite. 

The area of the coarse pegmatite is central to a considerably 
larger area (Fig. 11D) in which the normal monzonite has been 
penetrated along fissures and its groundmass largely replaced by 
fine-grained pink feldspar. (Largely orthoclase, but with some 
microcline.) Doubtless this secondary feldspar was formed at 
the same time as the pegmatite, and constitutes part of the feebler 
replacement peripheral to the coarse, typical pegmatite. In places, 
this fine-grained feldspar flooded the groundmass of the normal 
porphyry, so that the normally pinkish gray groundmass has be- 
come an almost uniform pink, in which the altered phenocrysts 
and the few remaining groundmass crystals of plagioclase are very 
conspicuous. Along cracks, the potash feldspar has attacked the 
plagioclase and replaced it in a variable way. (Figs. 84, B, 9A, 
B, and 6B.) 

In places the orthoclase replacement has worked in from the 
borders of the plagioclase crystals, as shown in Fig. 9B. Com- 
monly the veinlets from which the orthoclase replacement has 
worked into the plagioclase are followed by quartz and chlorite. 
(Figs. 6B, 8A and 94.) 

The fine-grained secondary orthoclase is, in fact, nearly every- 
where accompanied by some quartz and in places there has been 
wholesale silicification of the rock, especially near the zones of peg- 
matite. (Fig. 124.) This silicification fades outward, but the 
monzonite throughout the area of the New Cornelia pit is heavily 
impregnated with quartz, both along fractures and in the body of 
the rock. Quartz impregnation is notable far beyond the mine 
limits. 


Near the pegmatite zones the quartz is commonly very coarse- 
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Fic. 8 (Upper) A. Tracing of phetomicrograph of quartz monzonite 
from the New Cornelia mine, near pegmatitic area. Shows plagioclase 
phenocryst penetrated along cracks by solutions that replaced plagioclase 
by orthoclase. This replacement is regarded as younger than the border 
corrosion of the plagioclase by fine grained orthoclase because it is found 
in only part of the plagioclase phenocrysts, whereas practically all within 
the orebody show border corrosion. Chlorite veins both plagioclase and 
orthoclase. A rosette of chlorite in the lower part of the field; a pseudo- 
morph of chlorite after biotite in the upper right. Quartz, blank. B. 
Tracing of photomicrograph of quartz monzonite from the New Cor- 
nelia mine. Shows orthoclase (dotted), replacing sericitic plagioclase, 
(grains of independent orientation shown by subscripts) ; g, quartz. This 
field shows no critical evidence that the orthoclase is younger, but evidence 
is available from other parts of the same slide. C. Tracing of photo- 
micrograph of quartz monzonite porphyry from the New Cornelia mine. 
Shows corroded phenocryst of quartz, with the embayments occupied by 
a fine-grained aggregate of quartz and orthoclase. Plagioclase is also 
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grained and forms veins as much as six inches across (which con- 
tain suggestions of comb structure), as well as irregular replace- 
ment masses and narrow stringers. Locally the veins and stringers 
have selvages of orthoclase. Farther from the pegmatite zones 
the orthoclase borders become much less conspicuous and they 
seem to be lacking at and outside the borders of the orebody. 
Some of the replacement quartz is in small roundish grains that 
are accompanied by similar grains of orthoclase. This variety 
can hardly be distinguished from the groundmass of the corroded 
phenocrysts except where the fine-grained aggregate replaces the 
phenocrysts bodily—a feature not seen in the border mass char- 
acterized by corroded texture. In places the small round grains 
of quartz and orthoclase were formed by recrystallization of brec- 
cia fragments, but in part they do not seem to show close associa- 
tion with breccias. Over much of the area of the New Cornelia 
pit the impregnation of the rock by quartz has been so complete 
as to obscure, and in places destroy the original monzonitic tex- 





corroded. In absence of evidence of cross-cutting replacements, this 
alteration is referred to the pre-pegmatitic stage. 

Fic. 9 (Lower) A. Tracing of photomicrograph of altered quartz 
monzonite from the New Cornelia mine. Showing sericitic and albitic 
plagioclase (all parts of a single crystal) which has been replaced along 
an irregular crack by orthoclase. The crack is followed by a veinlet of 
chlorite, the leaves of which follow the sinuosities of the central vein. 
B, Tracing of photomicrograph of altered quartz monzonite from the 
New Cornelia mine. Showing phenocryst of plagioclase with corroded 
border. The peripheral, more albitic border zones have been largely 
replaced by orthoclase; the central, originally more calcic core is now 
an aggregate of sericite in albite, which has crystallographic orientation 
undisturbed. The sericitization and albitization are thought to be younger 
than the orthoclase, though this field shows no evidence in support of this 
interpretation. C. Tracing of photomicrograph of highly silicified quartz 
monzonite from core drill hole in NE part of the New Cornelia mine. The 
specimen is dominantly quartz, with irregular grains of orthoclase that 
are believed to represent somewhat enlarged crystals of the roundish grains 
of the groundmass of the monzonite. Chalcopyrite follows the grain 
boundaries of the other minerals, though it is probably in part of re- 
placement origin. Quartz blank, orthoclase stippled, chalcopyrite black. 
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ture. Toward the outskirts of the orebody the silicification fades 
gradually away, in narrower and narrower stringers. Silicifica- 
tion has also affected the Concentrator volcanics for long dis- 
tances. How much of this silica was introduced at the time of 
the alteration of the volcanics to keratophyres and quartz kera- 
tophyres—probably at a time long antedating the ore deposition 
—and how much of it was introduced at this time cannot be de- 
cided on the evidence at hand. 

In part of the pegmatite area coarse leaves of dark green mica- 
ceous minerals—some an inch or more in diameter—seem to have 
grown simultaneously with some of the quartz and orthoclase. 
Most of these leaves are chlorite but some are biotite. Probably 
all were originally introduced as biotite and part were later altered 
hydrothermally to chlorite. This broad-leaved material is not 
limited to the pegmatities but is most abundant near them. (Fig. 
11d.) A second variety of chlorite pseudomorphs the original 
ferromagnesian minerals of the quartz monzonite. This replace- 
ment has been nearly complete in the neighborhood of the New 
Cornelia orebody and extends into the Concentrator volcanics. A 
third variety of chlorite occurs as vein fillings and fine-grained 
replacement aggregates. This variety is definitely younger than 
orthoclase (Figs. 84 and 9B) and magnetite, and is probably in 
large part contemporaneous with the copper sulphides. (Figs 
10A and B.) Some of the chlorite seems to have been formed 
as rosettes in calcite, and thus at a still later stage of the minerali- 
zation. (Fig. 10C.) Chlorite was thus formed through a con- 
siderable range of conditions. That which fills veins and forms 
replacement rosettes in the rocks seems to be, on the average, 
slightly more ferriferous (8 = 1.615 to 1.625) than that which is 
pseudomorphous after other dark minerals (8 = 1.605 to 1.617), 
though there is considerable variability in the composition of both 
varieties. This contrast in composition is to be expected as the 
minerals formed during the ore deposition are more largely fer- 
riferous than magnesian, suggesting a greater effective concentra- 
tion of iron than of magnesium in the mineralizing solutions. 

Magnetite closely followed the pegmatitization, and was local- 
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ized near the pegmatites, as is clear from Fig. 11C. It is largely 
in veins—some up to 3 inches thick, though most are much thinner 
—that cut quartz and coarse pegmatitic feldspar, but seems to be 
older than most of the sulphides. A few specimens show mag- 
netite apparently veining the chalcopyrite, but this appearance may 
also be interpreted as resulting from incomplete replacement of 





Fic. 104. Tracing of photomicrograph of ore from the SW part of 
the New Cornelia pit. Shows interleaving and probable veining of 
chlorite by ore minerals. The chlorite rosettes. seem to be partly tran- 
sected by the sulphides and in part to encroach upon them. Black, copper 
sulphides, lined, chlorite; stippled, orthoclase, blank, quartz. B. Tracing 
of photomicrograph of another part of the same specimen as A. In this 
part, the rosettes of chlorite toward the top seem to have encroached upon 
the sulphides, whereas in the left center they seem to have been cut off by 
the sulphides. It is concluded that the chlorite and sulphides are essentially 
contemporaneous. C. Tracing of photomicrograph of altered quartz mon- 
zonite from depth of 1300 feet in diamond drill hole at south center of 
the New Cornelia pit. Showing rosette chlorite (lined) apparently en- 
croaching upon calcite (c). 


earlier magnetite by younger sulphide. It is possible that the il- 
menite which formed from the sphene that was present in the mon- 
zonite is of about the same age as the magnetite, but no direct 
evidence was found bearing on this relationship. 

Following the deposition of the magnetite, the sulphides began 
to form, though quartz, chlorite and possibly orthoclase continued 
to be deposited along with them. The oldest sulphide is pyrite. 
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Except toward the east side of the orebody (Fig. 12C), this is not 
abundant, but there it is estimated at about 20 per cent of the total 
sulphides. In most specimens it is too scanty to furnish conclu- 
sive evidence as to its age with reference to chalcopyrite, but all 
examined specimens that have the two sulphides in contact show 
relations suggesting that it is the older. 

In a few specimens where both chalcopyrite and bornite have 
replaced pyrite, chalcopyrite is generally at the border of the pyrite 
and thus may have begun to form before bornite, though there 
seem to be about as many examples of chalcopyrite veining bornite 
as of the reverse. 

Tetrahedrite and sphalerite are “so rare that they cannot be 
placed in the age sequence, but they may have accompanied the 
early chalcopyrite. 

Alteration of the gangue minerals went on apparently simul- 
taneously with the sulphide deposition. During this period, 
sericitization and albitization of the plagioclase seems to have 
taken place. Practically all the plagioclase in the orebody and 
for a considerable distance around it has been so altered. Seri- 
citization has not been conspicuous in the pegmatite zones, but 
close examination shows that this is simply because potash feld- 
spar and quartz there predominate over the susceptible plagioclase. 
Sericitization, with accompanying albitization of the plagioclase 
and development of a little zoisite, has been especially conspicuous 
peripherally to the intensely pegmatitized area—and more espe- 
cially toward the east, where pyrite is relatively abundant (Fig. 
12D). This alteration appears to have taken place at a lower 
temperature than the pegmatitization, and probably involved much 
less material transfer. Sericite commonly veins the sulphides and 
in places there are rims of muscovite around rosettes of chlorite, 
which strongly suggest that sericite continued to be formed late 
into the period of mineralization. 





The carbonates are difficult to place in the mineral sequence. 
In all specimens examined, ankerite and dolomite were obviously 
formed earlier than calcite, yet these magnesian carbonates 


invariably line vugs and coat open crevices, whereas calcite lo- 























MINERALIZATION OF AJO COPPER DISTRICT. 281 


cally forms replacement masses in the body of the rock, and, 
through the fact that quartz has been deposited along its rhombic 
cleavages, gives evidence of deposition at an earlier stage in the 
mineralization. Calcite is also locally replaced by chlorite rosettes 
(Fig. 10C). It is also so closely associated with chalcopyrite 
veinlets in some specimens as to suggest that they were formed 
practically at the same time. 

The sulphates, barite and anhydrite, are so sparse that their age 
relations are not readily determinable within narrow limits. An- 
hydrite replaces chlorite, sericitized plagioclase, chalcopyrite, and 
quartz, and‘is inferred to have formed rather late in the epoch of 
mineralization. Barite is closely associated with specularite and 
ankerite and may have been formed at about the same time. 

Specularite was formed late in the mineralization epoch, after 
most of the sulphides had been deposited, as it follows cracks 
through the sulphide ore. It is possible that the streaks of hema- 
tite that follow the boundaries and octahedral partings of the mag- 
netite was formed before the sulphides. The specularite was 
clearly governed by different controls than the older minerals. In 
the first place, its area of maximum concentration trends east- 
northeasterly, nearly at right angles to the trend of the pegmatites 
in the orebody (Fig. 134 compared with Figures 11 and 12). 
This band, along which the specularite is highly concentrated, is 
not limited to the immediate vicinity of the mine, but extends 
nearly a mile farther east and about three thousand feet west of 
the mine. Splendant crystals as much as 2 inches long are com- 
mon in the Concentrator volcanics several hundred feet west of 
the pit and smaller ones are widespread in this belt. The larger 
crystals are clearly replacements of the body of the rock (chiefly 
Concentrator volcanics), but the smaller crystals are blades that 
line fissures and crevices that intimately dissect the rock. 

The distribution of the specularite in the older rocks along a 
belt that is just beneath the Locomotive fanglomerate and nearly 


parallel to the basal contact might suggest that the specularite is 
supergene and was formed during the period of weathering and 
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secondary enrichment of the New Cornelia orebody that ante- 
dated the deposition of the fanglomerate. The common habit of 
the mineral in lining open fissures would conform with such an 
origin, as would the fact that cuprite occurs in the old oxidized 
zone above the orebody, thus showing strong oxidizing influence 
and not much hydration at the time of this weathering. How- 
ever, the hematite associated with the cuprite is not of the specu- 
lar variety. Furthermore, specularite occurs to the west of the 
mine pit several hundred feet stratigraphically beneath the base of 
the Locomotive fanglomerate, and the intervening rocks show no 
sign of thorough weathering, as would be expected if the specu- 
larite were supergene. Small amounts of chalcopyrite are not un- 
common in the specularite. Epidote, barite and ankerite also 
occur with the specularite, not only in the belt of greatest concen- 
tration, but at other points far from the zone of weathering: at 
the northwest corner of the New Cornelia pit, on the west slope 
of Camelback Mountain, and at Cardigan. Many of the specu- 
larite crystals are slickensided and bent and replacement bands of 
hematite are highly contorted along certain small faults east of the 
mine, showing deformation under considerable load. For all these 
reasons the specularite is regarded as hypogene and connected with 
the ore deposition at Ajo. 

Molybdenite, although widely scattered in the orebody (Fig. 
12D), occurs in such small amounts that it is difficult to place in 
the mineral sequence. In several vugs it was seen to be perched 
on euhedral chalcopyrite, and in one is itself coated by chalcopy- 
rite; its relations to other minerals are not decisive. The mineral 
was probably formed late in the sulphide sequence, a suggestion 
that is consistent with its apparently peripheral distribution with 
respect to the pegmatitic zones. 


Alunite is present in large amounts as veinlets and stockworks 
in the Concentrator volcanics on the hill east of the approach to 
the New Cornelia pit. Alunite here impregnates the rocks abun- 
dantly over an area of several acres. It seems not to be directly 
connected with the copper mineralization and perhaps represents 
a somewhat younger epoch of mineralization. 
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MINERAL DISTRIBUTION. 


In order to obtain as definite information as possible regarding 
the zonal relations of the minerals, the New Cornelia mine was 
examined in a systematic way. For this purpose, the area of the 





LEAFY. CHLORITE PEGMATITE 





VEIN MAGNETITE INTRODUCED K-FELDSPAR 


Fic. 11. Diagrams of certain mineralogical distributions in the New 
Cornelia mine. For legend, see Fig. 12. A. Showing distribution and 
abundance of coarse “leafy” chlorite and biotite. B. Showing distribution 
and relative abundance of pegmatite. C. Showing distribution and rela- 
tive abundance of vein magnetite. Generally the areas indicated as con- 
taining much magnetite contain also the thicker veins of it. D. Showing 
distribution and abundance of introduced potash feldspar. 


mine was subdivided into squares, 200 feet on a side. The rocks 
of each square were gone over rather systematically, and rated 
relatively to those of the other areas with regard to their tenor in 
several minerals, the habits of the minerals, and other characters. 
Although work of this kind is necessarily qualitative, and impres- 
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sions are unfortunately based on the examination of an average 
of probably less than 50 specimens per square, considerable trouble 
was taken to minimize subjective factors. The squares studied 
on any single day were scattered at random from one edge of the 
mine pit to the other, many squares were restudied without con- 
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Fic. 12. A. Showing distribution and relative abundance of introduced 
quartz, and B, of molybdenite. C. Showing estimated proportions of 
pyrite among the sulphides (not absolute percentage of pyrite). Blank, 
less than 3 per cent, wide light cross-hatching, 3 per cent—6 per cent; close 
light cross-hatching, 7 per cent—10 per cent; close heavy cross-hatching, 
more than 10 per cent. D. Showing relative abundance (perhaps con- 
spicuousness) of sericitized plagioclase. 
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sulting the earlier notes and after a lapse of several days. The 
rocks to be studied were picked up without looking (though of 
course conspiciious minerals were also examined). My assistant 
in this work, Mr. Lincoln A. Stewart, and I made independent de- 
terminations. Nearly three weeks time was devoted to this phase 
of the study by both of us. 

The rocks of each square were evaluated as to pegmatitization 
(none, “slight,” ‘‘considerable,” and “much’’); the content of 
coarse “leafy” chlorite and biotite (the same classes) ; the content 
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SPECULARITE COPPER 


Fic. 13d. (Based on systematic examination within the pit, and of 
reconnaissance in surrounding areas), showing distribution and relative 
abundance of specularite in and near the New Cornelia pit. 
see Fig. 12. B. Generalized assay map of the New Cornelia mine at sur- 
face as known in 1934. Compiled by engineering department of the New 
Cornelia Branch, Phelps Dodge Corporation. 


For legend, 


of introduced quartz (none, “little,” “much,” and “flooded’’) ; 
the content of vein magnetite (none, “little,” “considerable,” 
“much”’) ; the estimated proportion of pyrite among the sulphides 
(less than 3 per cent, 3 to 6 per cent, 7 to 10 per cent, and more 
than 10 per cent); the abundance of sericitic plagioclase (none, 
“little,” “average” and ‘“‘much’’); and of specularite (none, “‘lit- 
tle,” “considerable,” “much” ). Owing to the subjective factors 
involved in this classification and to the fact that much of the 
material examined was loose fragments, not precisely in place, the 
classification of any single square cannot be given much weight. 
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However, it seems probable that the general distribution of the 
minerals and their relative abundance are fairly well shown on the 
accompanying diagrams as it is unlikely that the errors would be 
so systematic as are the distributions plotted. 

From these diagrams it is clear that pegmatite, orthoclase, leafy 
chlorite, and magnetite are closely grouped and were doubtless 
controlled by the same channels. Although introduced quartz is 
most abundant near the pegmatites, and, hence, is most likely de- 
rived from the same source, it is present in quantity over a much 
larger area and in part coincides with areas of relatively abundant 
pyrite (in the approach to the pit). Pyrite seems less concen- 
trated near the pegmatite areas and reaches its greatest proportions 
to the east of the pegmatitized area. Abundant sericite seems 
closely associated with a high proportion of pyrite. It is also con- 
spicuous at the southwest edge of the pit, north of Arkansas 
Mountain, where quartz is also abundant but pyrite is not. The 
higher-grade hypogene copper ore shows a tendency to follow the 
pegmatite areas (Figs. 11B and 13B). The molybdenite is so 
sparse that no generalization about its distribution appears war- 
ranted. It is clear that the specularite has no consistent relation to 
the orebody or the other alteration minerals. 

From these maps it thus appears that the pegmatites are ap- 
proximately central to the orebody, with high concentrations of 
orthoclase, magnetite, quartz, and copper sulphides. The outer 
zones of the orebody show locally high proportions of pyrite, with 
diffuse sericite. The mineral distribution in the outer parts of 
the orebody is too irregular to serve as a guide to the cupriferous 
ore, 

In part the apparent irregularity of the mineral zoning may be 
due to the post-mineral tilting that the entire mountain block has 
undergone. But, even making allowance for this tilting, and 
imagining the present areal map as a steeply inclined section 
through the orebody at its original attitude, it is clear that most 
of the vagaries remain. Whatever the merits of the zonal theory 
in other districts, it does not appear that it can be used in this area 
as a guide to prospecting. It is apparent, however, that certain 
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foci of the distribution of the gangue minerals correspond to those 
of the copper minerals. 


Chemical Composition. 


Chemical analyses of the Cornelia quartz monzonite and its 
altered facies are subjoined. 


TABLE 1. 
ANALYSES, CORNELIA QUARTZ MONZONITE. 


1-6, J. G. Fairchild, analyst; 7,.R. C. Wells and assistants, analysts. 











| 1 2 3 4 | 5 | 6 7 
SiO» 60.59 | 62.27 | 65.29 | 66.23 | 65.66 66.92 | 65.57 
PUD 56. 6:55 5s | 17.39 | 17.40 | 25,74 | 15.71.) | 2508 15.78 | + 15.42 
Pees s 205.05 1.60 | 2.35 | 2.05 | 2.20 | 1.45 1.30 | 1.05 
|, oa eC 1.98 | 2.79 | 2.03 | 1.98 | 2.70 1.08 2.40 
MBO accsa| cae 2.86 | 1.84 | 1.58 | 2.14 1.40 1.66 
CaO? o Were: 5.06 | 1.19] 3.66] 3.78 | 1.88 76 39 
PHRMD) 6,5, ¥00)5 4.09 | 4.10 | 540 | ‘Seo ios 3.46 3.33 
| ge 1.6354) .2:76-| 4.11 |’ 3:22)|. 3:76 5.26 5.01 
H:O-...... is eel 50 14 | 03 | .20 71 .79 
H.O+...... | B20 | 2.65 | .62 57 1.52 1.92 1.06 
WNOs: isch 61 | 84 | 54 | 47 | 50 56 .36 
Cte os 36 | 30 | 24 | 24 | 31 .28 23 
MnO cca .08 05 07 | > 08°]. 202), 05 | 03 
> NET eye — | — _ tee — | 44 
Mists taic ceatek-e —_—_ | —_—_— | —- | — | — | .03 ;o— 
RSLs eccra eave ahehs We aidi. | mids: | cmds | mds. A ids | none } nd. 
SOs a | nd. | n.d. nd. | nd. | nd. | 30 | n.d. 
SEE Lee ;} — | — - — | —- | Al ee 
Bn ce nds | ands J neds |) midi | n.d. | less than .001 | n.d. 
CrOs | n.d. neds) |*snideoit wade anda n.d. 001 
V2Os..... 2. ‘| 1c Raa ee Be: GR AR mde |. ad: n.d. O11 
LixO. Pe: AR par: B nid. | nd. | md. n.d. | 05 
CuFeS:. .... } — | — _ — — | — | 1.00 
CusFeSy..... ; — — | — | — | — | — | .70 
REO eee ee. |i. }; o— | o— — | _— .20 

| 99.84 | 100.06 | 100.10 | 100.08 | 100.18 | 99.92 | 99.72 





1. Biotite quartz diorite, 700 feet southwest of the mine office, New Cornelia mine. 

2. Albitized sericitic quartz diorite, west side of approach pit, 1200 feet south of mine 
office, New Cornelia mine. 

. Hornblende biotite quartz monzonite, (equigranular facies), 2,890 ft. peak, SE 1/4, 
sec. 20, T. 12 S., R. 6 W. 

4. Hornblende biotite quartz monzonite, (porphyritic facies), 600 ft. S. of E. crest of 
Camelback Mountain, SW 1/4, sec. 22, T. 12 S., R. 6 W. 

. Albitized sericitic quartz monzonite (porphyritic facies), SW side New Cornelia pit, 
due E. of Arkansas Mountain. 

. Albitized sericitic quartz monzonite, E. spur hill W. of Mexican Town, E. center 
eec. 22, T. 12 S., R. 6 W., Ajo. 

. Representative low grade ore, New Cornelia mine. (Altered porphyritic facies of 
Cornelia quartz monzonite.) Contains .82% Cu. 
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In view of the eccentric position of the quartz diorite facies with 
respect to the orebody, and its small extent, no systematic study 
was made of its alteration. However, inspection of the analyses 
show that in general the same tendencies are shown in the dioritic 
as in the monzonitic facies. 

The mineralogical alterations and additions to the quartz monzo- 
nitic rocks in and near the orebody, which have been described, nat- 
urally express a considerable modification of the chemical composi- 
tion. Analyses 5 and 6 of Table 1 show the modifications brought 
about in the quartz monzonite in the zone of mild metamorphism 
surrounding the orebody; No. 7 of the same table is an analysis of 
representative ore (.82% Cu). On comparing these analyses with 
Nos. 3 and 4 (representing unaltered monzonite), it is seen that 
they show a considerable increase in combined water, which is 
chiefly contained in sericite, epidote and chlorite. In order to 
compare the changes in components of the primary silicate min- 
erals during the metamorphism, these analyses have been recom- 
puted to 100 per cent on a water-free, CO.-free, sulphide-free 
basis, and appear below in Table 2. 


TABLE 2. 


ANALYSES OF QUARTZ MONZONITES OF TABLE 1, RECOMPUTED TO 100 PER CENT 
AFTER SUBTRACTION OF WATER, COs, AND SULPHIDES. 











| 3 | 4 5 6 | 7 
ae 65.74 | 66.64 | 67.00 | 68.77 | 68.61 
re ae hie 15.85 | 15.80 | 16.31 | 16.22 | 16.14 
BREN ecw ati sicsssscesae) I | ee eee | dee 1.10 
SON ae tert) 2.04 | 1.99 | 2.76 a} ae 
“oe eaten 1.85 | 150.) 248 144 | 1.74 
ee ‘chien do © ae 3.82 | 1.92 78 | At 
"ee eemennemnrneen Mae ee a a36-| 380 
BGO hsieks<s: A od MS Sk |) 2 88 §:41°-| 48:24 
MGs ees ; ivi 54 | 47 a ae 58 | 38 
BIDS As. wees 24 | 24 32 | 29 24 
Nee bi i. 07 08 02 | 05 03 
Minor constituents...........| — | _— — 45 11 

| 100.00 | 100.00 | 100.00 | 100.00 | 100.00 
Elemental Fe......... Re | 3.03 | 3.10 3.19 1.80 3.104 














“ Includes iron contained in sulphides. 
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The data from Table 2 are plotted in the variation diagram of 
Figure 14. This graph brings out the fact that in No. 5, an albi- 
tized, sericitic and chloritic rock, there has been little significant 
change in the bulk composition of the principal constituents from 
their values in the unaltered specimens, Nos. 3 and 4, except that 
lime has been removed and a little K.O, SiO. and Al.O; added. 
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Fic. 14. Graph showing the gains and losses of the principal rock- 
forming constituents of the Cornelia quartz monzonite during its meta- 
morphism in and near the New Cornelia orebody. 


Analysis 6, of a more intensely altered rock, shows further 
gains in silica and potassa, with greater loss of lime. A consid- 
erable loss in total iron is also shown. No. 7, which is representa- 
tive of the low-grade copper ore, shows essentially the same 
changes as No. 6, except that iron is about the same as in the fresh 
monzonite. Other ore specimens would show considerably higher 
silica, owing to veining and replacement of the silicates by quartz, 
and many of the pegmatitic rocks have gained more potassa than 


No. 7. Many magnetitic specimens would show considerable 
gains in iron as compared with the unaltered quartz monzonite, 
but aside from these differences, No. 7 is probably a fair sample 
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of the ore. It is noteworthy that despite the albite content of the 
rocks, there has been very little change in soda content ; apparently 
the albitization of the feldspar was due simply to the replacement 
of the anorthite content of the rock by sericite with the removal of 
lime set free during the process. It is astonishing that the resid- 
ual albite is so adequately representative of the primary volumes 
of the plagioclase crystals, for many of them do not seem to con- 
tain sufficient sericite to account for all the anorthite removed. 
Yet no cavernous or corroded crystals (other than those exhibit- 
ing magmatic corrosion of a type found in andesine-bearing speci- 
mens ) appear in the ore. 

In summary, the chemical changes are those that would be ex- 
pected from the petrographic study: gains in CO,, H.O, B and S, 
of the fugitive magmatic constituents, in K,O, Al,O, (?), and 
SiOz, of the silicate-forming constituents, and locally of Cu, Fe, 
Mo, Sb, and As, of the metals. The loss is chiefly of Ca, with the 
other constituents varying only by dilution of the original rock 
by the added material. Two points brought out by the analyses 
are especially noteworthy: the relative constancy of soda, despite 
the albitized nature of the feldspars and that of iron, despite its 
partial reduction from the oxide to the sulphide form. Appar- 
ently iron has been introduced in noteworthy amounts only in the 
rocks that have been impregnated with magnetite and specularite 
veinlets. 


SOURCE AND CHARACTER OF THE METAMORPHOSING SOLUTIONS. 


The remarkable correlation between the distribution of the sev- 
eral other mineralogic changes in the quartz monzonite and the 
distribution of the pegmatites, seen from Figs. 11, 12, and 13, 
strongly suggests—if indeed it does not constitute geologic proof 
—that whatever conditions localized the pegmatites controlled also 
the sericitization, chloritization, and sulphide mineralization. The 
mineral association of the pegmatites—potash feldspar, quartz, 
biotite and chlorite—is that common in the late stages of magma 
consolidation, and is almost certainly of magmatic derivation. 
The intensely altered rocks of the orebody are themselves associ- 


ated with a part of the quartz monzonite that shows the peculiar 
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“corroded” texture described earlier. This association suggests 
that the same factors that produced the pegmatites and the ore 
minerals in post-magmatic time, had already been effective in late- 
magmatic time within the same general portion of the New 
Cornelia stock. This coincidence of the two stages of alteration 
furnishes further support to the theory of magmatic origin for 
the ore deposit. 

As was mentioned earlier, when the Cornelia quartz monzonite 
was emplaced, the present lobe of the intrusive southeast of 
Camelback Mountain was a ridge on the magma chamber. The 
scarcity of flow-lines in the monzonite and the much finer grain- 
size of the bordering quartz dioritic facies both suggest that the 
magma was poor in crystals at the time of its emplacement. The 
crystallization of the magma appears to have taken place under 
essentially static conditions and there is nothing to suggest that 
the magmatic differentiation was brought about by “‘filter-press” 
action, at least at the levels now accessible to observation. The 
few narrow belts of mylonite that cut the monzonite in the New 
Cornelia pit and in the areas to the north are younger than the con- 
solidation of the adjacent rock, and the stresses that produced 
them can have had little effect in squeezing out any residual 
magma. 

The composition of the magma as it was introduced is probably 
fairly represented by Analyses 3 and 4 of Table 1, except for a 
certain content of “fugitive’’ constituents which escaped on the 
consolidation of the rock. Of these fugitive constituents, water 
was greatly preponderant, as shown by the hydration effected in 
the neighborhood of the orebody. Sulphur was also present. 
Volcanological observations have shown that other common fugi- 
tive constituents include the halogens, carbon, hydrogen, boron 
and nitrogen, in various compounds with each other and the met- 
als. Presumably they were also present in the Cornelia magma 
in higher proportions than appear from the analyses. 

In order to make any estimate of the original content of these 
constituents it is necessary to make certain assumptions. It seems 
clear that the water content given in the analyses as H.O + , that 
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is, .62 per cent, is a minimum measure of that present in the 
magma as injected, for the rocks analyzed show little or no seri- 
cite or other post-magmatic minerals, and some of the original 
magmatic water must have escaped on consolidation. The tem- 
perature of the magma may be assumed to have been about 800 
C..* The depth of cover is purely a matter of surmise; from 
similarities of texture and composition with other Cordilleran 


quartz monzonite massifs, more favorably situated for estimate,” 
it may be put as 3,000 to 10,000 feet, say roughly 6,000 feet. 
This is equivalent to a pressure of about 500 atmospheres. 

The solubility of water in glass formed by melting granite has 
been investigated by Goranson."° He found that at pressures 
equivalent to a load of about 2 kilometers of rock and a tempera- 
ture of 900° C., a glass obtained from Stone Mountain granite 
would dissolve about 4 per cent of water. His data also showed 
the effect of temperature on the solubility to be relatively less im- 
portant than that of pressure. 

If one were to accept these experimental results as representing 
natural conditions, it should be deduced that under the assumed 
conditions, the Cornelia quartz monzonite could have held only a 
little more than 4 per cent of water when it was emplaced, with- 
out exerting enough internal pressure to break the roof. The 
fact that 6.31 per cent water has been found in a surface flow of 
quite fresh obsidian’ shows that equilibrium is not reached 
promptly in volcanic phenomena, and the spasmodic nature of vol- 
canic eruptions shows that this failure to maintain equilibrium is 
general. One is therefore not justified in asserting that 4 per 
cent water is the upper limit of solubility in the magma, although 

14 Larsen, E. S.: The temperatures of magmas. Am. Min., 14: 94, 1929. 

15 The monzonites at Tintic, San Francisco and Bingham, Utah, of similar com- 
position and petrographic character, invaded the bases of their own volcanic piles, of 
roughly the order of thickness suggested. Gilluly, James: Geology and ore deposits 


of the Stockton and Fairfield quadrangles, Utah. U. S. Geol. Surv. Prof. Pap. 173, 
p. 65, 1932. 


16 Goranson, R. W.: The solubility of water in granite magmas. Amer. Jour. Sci. 
22: 481-502, 1931. 

17 Fenner, C. N.: Pneumatolytic processes in the formation of minerals and ores, 
Ore Deposits of the Western States, Lindgren Volume, A. I. M. E. p. 66, 1933. 
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such a figure seems a reasonable maximum. Insofar as volatiles 
other than water were contained, this figure would probably be 
reduced. The probable water content of the Cornelia magma 
when it was emplaced may therefore be estimated as somewhere 
between .6 and 4 per cent, but probably nearer the larger than the 
smaller of these figures. If other volatiles were also present, the 
solubility of water would probably be decreased, but no experi- 
mental data are known to me that would permit any quantitative 
estimates of such volatiles, nor of their effects on water solubility. 

After emplacement, the magma began to cool and crystallize. 
The early minerals that formed were relatively less hydrous than 
the magma, for, although biotite and hornblende contain essential 
water, plagioclase, quartz and orthoclase, which also occur as 
phenocrysts of early formation, are anhydrous. The separation 
of these minerals thus enriched the residual magma in water and 
other of the “hyperfusibles” as they have been called by Bowen.** 
The zoning of the plagioclase shows that the freezing of the 
magma did not proceed so slowly that reactions between 
the previously separated crystals and the residual magma could 
maintain equilibrium in the system. Accordingly the concentra- 
tion of the hyperfusibles in the residual magma must have con- 
tinually increased, with a consequent increase in its internal pres- 
sure. 

The predominance of orthoclase and quartz in the groundmass 
of the porphyritic facies and among the crystals that formed latest 
in the equigranular facies of the Cornelia quartz monzonite show 
that although these minerals began to form early in the crystalli- 
zation period, their constituents were also relatively concentrated 
in the residual magma 





a common trend in granitic magmas. 
The residual magma accordingly must have changed in composi- 
tion toward that of a pegmatite. Goranson’s work ** shows that 
water is slightly less soluble in a silicate melt whose composition 
approaches that of a pegmatite than in the more complex melts he 


18 Bowen, N. L.: The broader story of magmatic differentiation, briefly told. The 
Ore Deposits of the Western States (Lindgren Volume), A. I. M. E., p. 113, 1933. 
19 Op. cit., p. 496. 
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investigated, so that the internal pressure of the residual magma 
probably increased on this account also, as crystallization pro- 
ceeded. 

The metasomatic alterations of the rocks testify to their effec- 
tive porosity; the vapor pressure of the magma was exerted on 
permeable walls and did not have the counter pressure of the entire 
rock load, but only of the friction of the pores. Consequently, 
as the magma was hotter than its enclosing walls a fraction of the 
more volatile components must have been distilled from the 
magma even during its emplacement, despite the loss of head by 
friction. However, it is likely that the vapor pressure at this 
stage would have been small. Only after some crystallization had 
occurred, with a corresponding enrichment of the residual magma 
in low-melting components, would the vapor pressure of the 
magma become comparable to the pressure of the superincumbent 
rocks, considered as a dead-weight load. 

It is also probable that the viscosity of the residual magma was 
continually lessened as its water-content increased. It is there- 
fore possible that, in the interval between the beginning of crystal- 
lization and the stage wherein a self-supporting crystal aggregate 
was formed, there was some migration of the residual magma 
upward with respect to the solid phases and a corresponding en- 
richment of the cupola in the hyperfusible constituents. Some 
migration of this kind seems theoretically inevitable, and it is 
likely that there might have been considerable migration without 
definite structural evidence having been left. The analyses of 
Table 1 are too few to make the matter clear, especially in view 
of the alterations superposed during later stages, but, as far as 
they go, they do not seem to support any significant migration 
during this part of the magmatic evolution. 

Although the internal pressure consequent on the concentration 
of hyperfusibles must have been essentially hydrostatic, it was 
exerted on a wedge-shaped cupola and thereby tended to split apart 
the walls, both of the host rocks and the earlier consolidated ex- 
terior zone of the intrusive itself. This appears to be the mecha- 


nism most likely to have brought about the peculiar shattering 
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of the monzonite and its wall rocks in the Cornelia orebody, which 
was at that time in part of the “hood”’ of the monzonite stock, over- 
lying the still-molten material at greater depth. If this is so, 
when the concentration of hyperfusibles exceeded a certain critical 
value, the pressure exceeded the effective resistance and fractured 
the earlier chilled border and roof of the cupola. Once started, 
the openings doubtless were immediately filled by the residual 
magma, whether by expansion as a single phase, if it were above 
its critical temperature, or by increase in volume due to vesicula- 
tion, if it were below that temperature. The simple deformation 
of a crystal aggregate with interstitial fluid can, under the proper 
conditions, lead to the concentration of the fluid in the fractures.” 
This might readily emphasize the upward concentration of the 
residual magma once the explosion had shattered the border rocks 
and thereby deformed the crystal mesh of the underlying parts, 
which were not yet solidified. A relative concentration of hyper- 
fusibles in the cupola thus seems probable at this stage in any 
event. 

Disregarding, for the moment, the effect of these hyperfusibles 
on the wholly-consolidated border or “hood” of the intrusive 
(whose fracturing gave additional impetus to their upward mi- 
gration), their effect on the partly crystallized material in the cu- 
pola may be considered. As the cross-section of the cupola was 
much less than that of the underlying magma body, there would 
be a concentration of the hyperfusible fraction from a relatively 
large volume of magma into a small volume in the cupola. That 
is to say, the residual magma derived from a large volume might 
pass through a relatively constricted section on its way upward, 
and thus produce an effect comparable to that to be expected were 
the actual volume of the hyperfusibles present in the cupola much 
greater than elsewhere. If, as is strongly suggested by the locali- 
zation of the “corroded” texture in the New Cornelia orebody, 
this texture resulted from the influence of these low-melting com- 
ponents of the magma, one may infer that this increase in hyper- 
fusibles was rather general in the upper part of the cupola. 


20 Mead, W. J.: The geologic role of dilatancy. Jour. Geol. 33: 685-698, 1925. 
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In searching for possible causes of the attack on the early crys- 
tals and production of the “corroded” texture, the following 
possibilities have come to mind: (1) exothermic reactions in the 
residual magma as its concentration in hyperfusibles increased, 
(2) increases in temperature because of heat transferred by the 
migrating residual magma (or its volatile fraction) from deeper- 
lying portions of the magma chamber, (3) heat developed by ex- 
pansion of the fluid due to release of pressure such as occurs when 
a fluid escapes through a “porous plug” ** and, (4) lowering of the 
melting points of the minerals by decrease in the pressure when 
the roof broke. 

Possibly all of these factors contributed to the attack on the 
early minerals. The last three do not appear to be quantitatively 
adequate to bring about so much solution as is indicated by the 
corroded texture. The transfer of heat by volatiles is limited 
not only by the presumably short distance of migration (and hence 
slight difference in temperature between their source and the cu- 
pola), but also by the low specific heat of the volatiles. The 
“porous plug’ expansion mechanism could hardly operate before 
a fairly compact crystal mesh was formed and hence could prob- 
ably not have produced the corrosion of the early minerals, though 
it might have increased the metamorphic effects in the overlying 
volcanic rocks. The lowering of the melting points of the min- 
erals by decrease of pressure is theoretically small. The abun- 
dant crystals in the magma at the time of their corrosion must 
have modified the previously hydrostatic pressure gradient in the 
intrusive. Nevertheless, one would expect a more gradual dimi- 
nution of a pressure effect away from the point of escape of vola- 
tiles rather than a rather restricted distribution such as is shown 
by the corrosion. Doubtless the concentration of volatiles was 
greatest in the cupola but they could not have been absent at this 
stage from the underlying magma. Hence, it is concluded that 
the distribution of the corrosion is opposed to that expected on 
the assumption that the solution of the borders of the phenocrysts 


21 Adams, L. H.: Temperature changes accompanying isentropic, isenergic and 


isenkaumic expansion. Washington Acad. Sci. Jour., 12: 407-411, 1922. 
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was a simple pressure effect. In fact, there is no evidence that 
the volatiles existed as a separate phase at this stage. 

Accordingly, the possibility that exothermic reactions in the 
residual magma were responsible for the corrosion seems most 
attractive,”’ especially when the general sluggishness of volcanic 
activity in coming to equilibrium is considered.** Whatever the 
cause of the reversal of trend from crystallization to resolution of 
the early minerals, there seems no escape from the conclusion that 
it took place prior to the complete consolidation of the magma in 
the interior of the cupola. 

When the previously-consolidated hood of the cupola was 
broken by the internal pressure of the hyperfusibles, or rather of 
the polyphase system containing them, and the residual magma 
expanded or was forced into openings so formed, the period of 
pegmatitization of the New Cornelia deposit began. This pegma- 
titization seems to have been merely a continuation of the mag- 
matic consolidation in an environment of crystallized material. 
The minerals are apparently exactly the same as those in the 
groundmass of the nearby monzonite; they are merely concen- 
trated as larger crystals along openings in the rock. There was 
no doubt a high concentration of hyperfusibles in the material as 
injected at this time, but the replacement phenomena do not seem 
to differ qualitatively from the corrosion of the phenocrysts in the 
nearby monzonite and I can see no geological reason for assuming 
that the pegmatites must be products of a phase different from the 
residual magma that attacked those phenocrysts. In other words, 
it seems fruitless to speculate on whether they were deposited from 
a hydrothermal or a pneumatolytic solution; whatever the solu- 
tion should be called, there is no apparent petrographic or geologic 
evidence to indicate that it differed discontinuously from the 
quartz monzonite magma. In Burbank’s terminology,”* the pegma- 

22 Fenner, C. N.: The Katmai volcanic province. Jour. Geol. 34: 738-740, 1926. 


23 Fenner, C. N.: Pneumatolytic processes in the formation of minerals and ores. 
Ore Deposits of the Western States (Lindgren Volume), A. I. M. E., 65-66, 1933. 


24 Burbank, W. S.: A source of heat energy in crystallization of granodiorite 
magma, and some related problems of voleanism. Am. Geophys. Union Trans., pt. 1, 
p. 244, 1936. 
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titization apparently occurred in a system composed of crystalline 
minerals plus one phase (fluid). 

Doubtless, as crystallization progressed in the lower horizons of 
the mass, the concentration of hyperfusibles in the residual magma 
continued to increase and as the residual magma migrated upward 
and cooled, selective crystallization of the silicates carried the con- 
centration still farther. Probably by the time that the magnetite 
and chlorite began to be deposited the concentration of the hyper- 
fusibles in the solutions permeating the consolidated hood was so 
great as to warrant calling their mutual solution hydrothermal, but 
there is nothing in the distribution, texture, or mineralogic features 
of the sulphide, sericite, albite, and carbonate deposition that indi- 
cates a discontinuous relation with the pegmatitic liquid. The re- 
placement relations of all these minerals are comparable—except 
for their obvious control by openings in the rock—with the re- 
placement relations in the monzonite with “corroded texture.” 
The succession of minerals is longer and the younger replace the 
older, but there is apparently no place, from the deposition of 
large microcline and biotite crystals in the pegmatite zones to the 
mild chloritization and saussuritization of the outskirts of the ore- 
body, where any hiatus in the mineralization can be established. 

Vugs are present in the orebody and are commonly lined 
with euhedral crystals of silicates, sulphides, quartz, and carbon- 
ates. Such features seem not to be diagnostic of the phase from 
which the crystals were deposited—the geological evidence seems 
to give no support, as far as these minerals go, to a theory that 
would derive them from the parental magma by discontinuous 
evolution. 

A different story seems to be told by the specularite. As is 
pointed out earlier, and as is seen in Fig. 134, the specularite is 
distributed almost without regard to the other hypogene minerals. 


It lines crevices and forms replacement bodies through large vol- 
umes of the roof rocks of the Cornelia massif, without any close 
association with New Cornelia deposits, and thus indicates a dis- 
continuity in mineralization. If, as seems highly probable, the 
other hypogene mineralization was carried forward by a con- 
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tinuous evolution of the residual magmatic solutions toward 
higher and higher concentrations of hyperfusibles, it is reasonable 
to suggest that the specular hematite was a product of a differ- 
ent phase and was pneumatolytic. This suggestion is of course 
fortified by the demonstrably pneumatolytic origin of specularite 
at many other localities. According to Burbank’s classification * 
it was formed from a system consisting of crystalline minerals 
plus two phases-—liquid and gas. When the concentration of 
hyperfusibles exceeded a certain critical value, they boiled off by 
fractional distillation from the residual magma as a vapor phase, 
carrying with them large quantities of ferric iron (epidote is com- 
monly associated with the specularite). Some sulphides accom- 
panied the ferric iron, and in places in the orebody aggregates of 
chalcopyrite are surrounded by bornite carrying minute plates of 
hematite, possibly formed at this time by reaction with the older 
chalcopyrite. If the iron was carried as ferric chloride or some 
similar volatile compound, as has been commonly urged, there is 
no evidence, in the minerals deposited to show the former presence 
of the chlorine. 

It is possible that the volatilization of the iron was connected 
with the exothermic reaction involved in the formation of ferric 
iron from ferrous, as has been suggested by Burbank for the min- 
eralization at Ouray, Colo.** Burbank has pointed out that there 
is commonly a higher proportion of ferric to ferrous iron in the 
later stages of igneous evolution than in the earlier stages. This 
oxidation of the iron is an exothermic process. The evaluation 
of the heat involved is impossible in the present state of knowl- 
edge of the thermodynamics of magmas. If the reaction were 
simply the oxidation of solid FeO by free oxygen, the heat evolved 
would be 62,620 calories per gram molecule of Fe.O; produced. 
The oxygen involved was probably not free, however, but com- 
bined in water, which is not thought to be appreciably dissociated 
at magmatic temperatures. Hence, much less, though still con- 
siderable, heat would be evolved in the oxidation process. 


25 Burbank, W. S.: idem. 
26 Burbank, W. S.: op. cit., pp. 236-255. 
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The low iron content of the altered monzonite (No. 6 in Table 
1) gives some support for assuming a connection between oxida- 
tion of iron and its removal in volatile emanations. But the ab- 
sence of a similar change in Nos. 5 and 7 (which may be from 
too high in the cupola and hence were already solidified and low 
in residual fluids at this stage of mineralization) leaves the ques- 
tion far short of proof. The analyses of Table 1 were carried 
out before Burbank’s suggestion was made and were not on ma- 
terial selected to test it. As far as they go, they fail to show a 
consistent increase in ferric-ferrous ratio in the more silicified 
rocks, but so few and such ill-chosen analyses cannot be considered 
decisive in any event. The widespread alteration of magnetite 
to hematite along grain boundaries and octahedral partings shows 
some oxidation of iron in the orebody. 

Whatever the cause of the discontinuity in the mineralization 
process marked by the hematite deposition, it was transitory and 
was followed in the orebody by a return to the deposition of 
sulphides that are essentially indistinguishable from those that pre- 
ceded the specularite. In certain vugs chalcopyrite is perched on 
euhedral specularite crystals. This may be regarded as a further 
suggestion that the specularite was pneumatolytic in origin, for it 
would be expected that hypothermal solutions would mark the de- 
clining as well as the advancing stage of a pneumatolytic process.”* 
Burbank has attributed a similar reversion to pre-hematitic min- 
eral associations at Ouray to increased back pressure on the 
evolved vapors. The back pressure is increased by the sealing up 
of openings through deposition of minerals in them. This sealing 
might conceivably occur near the lower limit of fracturing more 
readily than at higher levels. 

In summary, then, it is believed that the mineralization of the 
New Cornelia orebody represents in large part a direct continua- 
tion of the consolidation process in the Cornelia quartz monzonite. 
The crystallization of the monzonitic magma led to a continual en- 
richment of the residual magma in the lower-melting components 
and in the elements that do not enter readily into solid solution in 


27 Merwin, H. E.: Some associations of ore minerals. Am. Min., 16: 93-96, 1931. 
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the early-formed silicates : copper, sulphur, molybdenum, antimony, 
barium, and the alkalies. The internal pressure of this residual 
magma continually increased, with increasing concentration of the 
hyperfusibles, and eventually sufficed to shatter the roof of the cu- 
pola. This induced streaming of the volatiles in the residual magma 
or of the residual magma itself toward the cupola, and led to 
the enrichment of the hyperfusibles there, relative to the rest of 
the magma body. [Exothermic reactions in the residual magma, 
or some other cause, such as release of pressure by volcanic erup- 
tions, led to attack on the earlier crystallized minerals of the not- 
yet-consolidated part of the cupola and produced the corrosion 
texture. However, there is no evidence of any discontinuity in 
the mineral sequence from the normal silicate crystallization of 
the monzonite, through the pegmatitization of part of the hood 
and silication, sulphide mineralization, sericitization and saussuri- 
tization of the outlying part of the deposit. Apparently late in 
the mineralization epoch the vapor pressure of the residual-magma 
exceeded the restraining pressure of the cover to an extent suff- 
cient to induce vaporization of part of the hyperfusibles and hema- 
tite was formed in the innumerable cracks in the magma hood 
and host rocks overlying the cupola. This was a brief episode 
and was succeeded by a further crystallization of sulphides with 
and after the specularite and by carbonates, supposedly from cooler 
watery solutions. 


PRE-LOCOMOTIVE WEATHERING OF THE OREBODY. 


Two distinct epochs of weathering have been recognized in the 
New Cornelia ore deposit, one that antedates the Locomotive 
fanglomerate and one that was interrupted by the beginning of 
mining operations. Since the products evolved in the two epochs 
differ notably they will be described separately. 

A zone of abundant chalcocite forms a narrow belt roughly 
parallel to the base of the Locomotive fanglomerate across the 


south end of the New Cornelia mine. This zone is in places more 
than 150 feet wide, but averages very much less, say 40 feet. 
Locally it carries as much as 10 per cent copper. Though 3 or 











302 JAMES GILLULY. 


4 per cent ore is abundant, the average tenor is much less. Most 
of the shipping ore both of the early and more recent periods of 
mining came from this zone. As shown by observations at the 
surface, in the mine pit and of diamond drill cores, the zone varies 
in position from the base of the Locomotive fanglomerate to at 
least 450 feet below the projected base of the fanglomerate. In 
other words, the chalcocite zone was locally 450 feet below the 
surface at some places and elsewhere was exposed at the surface 
prior to the deposition of the fanglomerate and its later tilting to 
its present attitude. Where it diverges most widely from the 
fanglomerate, a zone containing native copper, cuprite, hematite, 
malachite, and chrysocolla, intervenes between them. In some 
places a zone leached of nearly all the copper minerals overlies the 
zone of oxidized copper minerals. The diamond drill shows that 
these relations obtain to the greatest depths yet explored at the 
south end of the orebody, that is, to at least 200 feet below sea 
level. 

These relations indicate that, in the time prior to the deposition 
of the Locomotive fanglomerate, the orebody had been weathered, 
the superficial portion more or less leached of its copper, and the 
dissolved copper carried down and precipitated as chalcocite. 
Some copper was left in the lower part of the oxidized zone as 
cuprite, malachite, and native metal. Uneven erosion just before 
burial by the fanglomerate locally cut entirely through the leached 
and oxidized parts of the orebody and exposed the chalcocite layer. 
lsewhere the erosion merely removed the barren leached zone, 
leaving the underlying rather poorly cupriferous belt of malachite, 
cuprite, and native copper at the surface, but, at other places, ap- 
parently leaching was fully as rapid as erosion and a barren cap- 
ping was formed. 


The leached capping is very highly reddened by finely dissemi- 
nated hematite with little or no brown (hydrous) iron oxides. It 
is spotted with minute blebs of cuprite and native copper, that be- 
come more plentiful toward the footwall (northward from the 
fanglomerate). The transition from the zone of plentiful cuprite 
and native copper to the adjoining belt of chalcocite is abrupt. 
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In the zone of abundant chalcocite most of the chalcocite occurs 
in narrow veinlets that in places attain widths of two or three 
inches. The principal variety in these veinlets is copper glance, 
but disseminated blebs of sooty chalcocite are also present and 
probably have replaced primary chalcopyrite or bornite. In places 
a little chalcocite is found in drill cores at intervals of several 
hundred feet below the zone of major concentration but nowhere 
in any considerable quantity. It was doubtless controlled by local 
paths of deep ground-water circulation during the weathering that 
preceded the burial by the fanglomerate. 

In summary, during the erosion cycle that was closed by the 
deposition of the Locomotive fanglomerate, the New Cornelia ore- 
body was weathered, the surficial portion was largely leached of 
its copper, and a zone of noteworthy supergene enrichment formed 
below the leached zone. The copper remaining in the belt of 
oxidation is largely in the form of the native metal or the oxide, 
cuprite, and very subordinately in carbonates. Fine-grained 
hematite is abundant in the weathered zone, but, owing to the fact 
that the weathered zone overlaps part of the zone of coarse specu- 
larite interpreted as hypogene, it is difficult to judge what propor- 
tion is supergene. 


RECENT WEATHERING OF THE OREBODY, 


Alteration effects produced in the orebody during the present 
erosion cycle differ strikingly from those produced in the pre- 
Locomotive cycle. Most of the cupriferous minerals were trans- 
formed, essentially in place, from sulphides to carbonates and sili- 
cates, with only subordinate oxides, and almost negligible down- 
ward migration of the copper. This contrasts sharply with the 
pre-Locomotive cycle, when there was general downward enrich- 
ment, with much chalcocite, and with the residual copper in the 
weathered zone chiefly in the form of the native metal or cuprite. 
Owing to the facts that practically all the carbonate ore had been 
mined prior to this survey and the small amount remaining was 
largely covered by debris from blasting, or at least, no longer re- 
tained its original surface, no study directed toward correlation 
of outcrops with underlying ore could be made. 
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According to Joralemon,** the water table prior to mining 
marked the abrupt contact of thoroughly weathered oxidized ore 
above and practically unaltered and unenriched primary ore below. 
Throughout most of the orebody the transition from carbonate 
to sulphide ore took place in a zone less than 5 feet thick, so that 
the ore to be leached and that to be concentrated could be very 
satisfactorily separated even by power shovel mining. 

The assay logs of 22 diamond drill holes that penetrated this 
transition zone were kindly supplied by the New Cornelia engi- 
neers and were utilized in studying the abruptness of the change. 
The logs show, for 5-foot intervals, the average tenor in total 
copper and in copper soluble in dilute acid—essentially carbonate 
and silicate, with a little chalcocite. The ratios of soluble 
copper to total copper were computed from these assays and the 
averages are shown in Fig. 15. It is seen from this graph that, 


Proportion of copper soluble in dil- 
ute acid Croughly the proportion 
of non—sulphide Cu). 
20' 
15° 
10° 
5' 
Water table 
5' 
10° 
15' 
20° 
25 
0 100 percent 
Based on analyses of 22 drill cores. 

Fic. 15. Proportion of copper soluble in dilute acid (roughly the 
proportion of copper present as carbonates and silicates) to total copper. 
Based on analyses of 22 diamond drill cores, using the boundary between 
oxidized and sulphide ore as the datum. 





despite the fact that the use of such large intervals as 5 feet must 
tend to obscure the sharpness of the contrast between the oxidized 


28 Joralemon, I. B.: The Ajo copper-mining district, Ariz. A. I. M. E. Trans., 
49: 604, 1914 
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and unoxidized ore, the transition from 68 per cent soluble to 
only 9 per cent soluble copper occurred within a distance of 10 
feet. The abruptness of the change from carbonate ore to the 
underlying sulphides seems to show that the water-table had been 
stable for a relatively long time. Had there been wide fluctua- 
tions in the level of the water one would expect to find a much 
thicker zone of partly oxidized ore. 

The proportion of chalcocite in the upper part of the sulphide 
zone over most of the remaining part of the orebody is far less 
than in the tilted zone of pre-Locomotive age. Nevertheless, the 
mineralogical analysis of the mill-heads (Fig. 16) shows a 


APPROXIMATE MINERALOGICAL ANALYSES OF 
FLOTATION FEED 


YEAR 


50 


PERCENTAGE OF TOTAL SULPHIDE CONTENT 





° 
Fic. 16. Approximate mineralogical analysis of the flotation feed of 


the Phelps Dodge concentrator, Ajo, Ariz., 1924-1931, inclusive. Based 
on grain counts by the metallurgical staff of the concentrator. 


fairly consistent decrease in the proportion of chalcocite among 
the sulphides of the ore through the period of operations. This 
indicates that chalcocite was present in notable quantities through- 
out the upper part of the orebody (and thus largely formed dur- 
ing the later erosion cycle) and in much smaller amounts in depth. 
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The question thus arises as to whether this young chalcocite repre- 
sents material transferred downward by meteoric waters or 
whether it, like the overlying carbonates, developed essentially in 
place. Any impoverishment of the oxidized zone, or enrichment 
of the top of the sulphides, that may have occurred is incon- 
spicuous. However, as it is difficult to conceive that weathering 
could occur without some downward migration of copper in solu- 
tion, it was decided to test the question statistically. 

The younger weathered zone and the underlying sulphide zone, 
both in productive and unproductive ground, had been penetrated 
by 185 diamond drill holes. The ores from these holes were as- 
sayed by the Phelps Dodge company at five-foot intervals and 
classified as follows: 0-5, 5-10, 10-15, 15-20, and 20-25 feet 
above the transition from oxidized to sulphide ground, and into 
similar intervals below the transition. Although the detailed in- 
formation remains confidential, it may be said that only one of 
the five-foot intervals above the transition was as high in copper 
as the poorest of the five intervals below the transition, though the 
differences were measured in only a few hundredths of 1 per cent. 
When the assays were grouped for the two 25-foot zones, the dif- 
ference in mean tenor was .08 per cent Cu, the sulphide zone being 
the richer. A rough computation of the data, kindly made for 
me by Parker D. Trask, of the U. S. Geological Survey, shows 
that the probable error of each of these means is about .027 + 
003 per cent and that the probable error of their difference lies 
between .023 per cent and .029 per cent. As the difference of the 
means is .08 per cent, which is between 2.8 and 3.5 times the prob- 
able error of the difference, one is justified, on statistical grounds, 
in saying that the chances are at least 20 to 1 that this difference 
in mean tenor is significant of some supergene enrichment.” 
However, the enrichment is of academic rather than economic in- 
terest, taking the deposit as a whole. It has probably nearly all 
gone on in the rather pyritic area on the east side of the orebody.”* 


29 Chaddock, R. E.: Principles and Methods of Statistics. New York, 1925, p. 
241. 


80 Joralemon, I. B.: op. cit., pp. 603-604. 
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Although it is thus concluded that there has been supergene en- 
richment of the orebody in the present cycle of erosion, it may be 
pointed out that quantitatively this enrichment must be wholly in- 
adequate to account for the presence of as much as 10 per cent 
chalcocite among the sulphides in the enriched zone, and prob- 
ably for not as much as 5 per cent, taking into account the high 
copper tenor of chalcocite as contrasted with bornite and chalco- 
pyrite. Hence, if the mineralogical analyses of mill-heads shown 
in Fig. 16 are to be taken at their face value, much of the high 
chalcocite content represents copper transformed from chalco- 
pyrite or bornite to chalcocite in situ, without migration. Al- 
though this may be true, it seems more reasonable to conclude that 
the mineralogical analyses, which were carried out by grain- 
counting, were in error. Since chalcocite generally coats the pri- 
mary sulphides as thin films before replacing the interior of the 
grains, its quantity is almost sure to be exaggerated when esti- 
mated by this method. 

The oxidized zone over most of the orebody was stained brown 
with “limonite,” in contrast with the red, hematitic zone formed 
in pre-Locomotive time. Furthermore, malachite is present in 
much higher proportion in the younger weathered zone than in 
the older. 

The mineral transformations that have taken place in the zone 
of oxidation are complex and probably there have been reversals 
among them. Judging from crustification, however, it seems that 
azurite, where present, commonly is older than malachite, to 
which it appears to alter. Malachite, however, is locally altered 
to azurite, though more commonly it seems to be changing to 
copper pitch and then to chrysocolla. Beidellite and nontronite 
have been found as crusts on both malachite and chrysocolla, but 
these minerals may possibly owe this position to mechanical trans- 
port by rainwash from higher parts of the deposit, rather than to 
formation from solutions in situ. Quartz, however, seems defi- 
nitely to have been deposited from solution as coatings on chalco- 
cite and malachite. Jarosite locally forms crusts on hematite, 
and gypsum on calcite, showing the effects of sulphate-bearing 
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solutions, but the scarcity of these minerals in the metore ** shows 
that not much sulphate was present. 


CAUSES OF CONTRASTED WEATHERING IN PRE-LOCOMOTIVE AND 
RECENT TIME. 


Whether the factors that determined the marked differences in 
the weathering of the orebody in pre-Locomotive and Recent time 
were mainly climatic or mineralogic cannot be determined. If 
one assumes that the material removed by erosion in pre-Locomo- 
tive time was essentially identical with that eroded in Recent time, 
it seems necessary to postulate control by climatic differences dur- 
ing the two epochs; but, as most of the pre-Locomotive topog- 
raphy and much of the orebody have been removed by erosion, it 
cannot be shown that the primary mineralization was so uniform 
as to require this postulated difference. Nor is it clear as to what 
climatic factors could be invoked as an explanation of the differ- 
ences. The less-hydrous minerals found in the oxidized zone of 
the pre-Locomotive cycle, as compared to those in the Recent zone, 
suggest a higher temperature and perhaps even a lower rainfall 
than that of the Recent weathering. However, the original 
minerals of the pre-Locomotive cycle may have been dehydrated 
by prolonged exposure, or by burial (and consequent higher tem- 
peratures) beneath the Locomotive fanglomerate, Ajo volcanics, 
and perhaps still other formations. Accordingly, it-seems that no 
satisfactory basis exists for evaluating any climatic factors that 
may have operated to bring about the differences. 

The apparent localization of notable leaching and supergene en- 
richment in the Recent cycle in the area where pyrite is relatively 
more abundant suggests that the proportion of pyrite may be the 
controlling factor. This corresponds, also, with general experi- 
ence in other areas and with experimental work as it is commonly 
interpreted.** If this hypothesis is adopted, one must conclude 

31 Locke, Augustus: Leached Outcrops as Guides to Copper Ore, Baltimore, Md., 
1926, p. 4, has suggested this term to include both “capping” and “gossan,” the re- 


spective oxidation products of disseminated and aggregated ore. 

32 Emmons, W. H.: The enrichment of ore deposits. U.S. Geol. Surv. Bull. 625: 
55-56, 91-92, 106-128, 1917. Locke, Augustus: Leached Outcrops as Guides to 
Copper Ore, Baltimore, Md., 1926, pp. 37-38. 
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that proportionately more pyrite was present in the rocks eroded 
from the orebody in pre-Locomotive time than in those eroded in 
Recent time. Small amounts of pyrite are apparently more 
widely distributed at Ajo than the cupriferous minerals. It is 
thus possible that the peripheral, less-cupriferous part of the orig- 
inal orebody, like that now exposed along the east side of the 
mine, was more pyritic than the part of the orebody now exposed 
in the main part of the mine. Such relatively pyritic parts now 
eroded might have supplied the acid necessary for the early en- 
richment, whereas, during the later erosion cycle the exposed ma- 
terial was in the central part of the deposit where pyrite is rela- 
tively less abundant. The lack of opportunity for adequate study 
of the oxidized ore or capping formed in both erosion cycles does 
not justify elaborate discussion of these possibilities. The oxi- 
dized ore of pre-Locomotive age is maroon in color, probably be- 
cause of the dominance of hematite, whereas that of recent origin 
is reported to have been chiefly brown.*® The leached capping 
over the pyritic ore at the east side of the orebody is reddish. 
This parallelism between the weathered zone overlying enriched 
ore of both cycles may indicate parallelism in chemical control, but 
there is little or no basis for preferring this suggestion over that 
of climatic control. 

It is of interest, though the significance is obscure, that the 
supergene enrichment of the copper deposits of Ray and Miami, 
Ariz., occurred prior to the deposition of the Whitetail conglom- 
erate, and has no relation to the Recent cycle or groundwater con- 
ditions.** 


UNIVERSITY OF CALIFORNIA, 
Los ANGELES, CALIFORNIA, 
May 4, 1942. 


383 Joralemon, I. B.: op. cit., pp. 601-602, 1914. 
84 Ransome, F. L.: The copper deposits of Ray and Miami, Ariz. U. S. Geol. 
Surv. Prof. Pap. 115: 147, 173, 174, 1919. 








DIFFERENTIAL DENSITY OF GROUND WATER AS A 


FACTOR IN CIRCULATION, OXIDATION 
AND ORE DEPOSITION. 


JOHN S. BROWN. 


ABSTRACT. 


The thesis is developed that differences in the densities of nat- 
ural ground waters are sufficient to motivate their circulation in 
certain cases without the aid of the usual conception of piezometric 
or artesian head. Such densities are especially likely to be de- 
veloped in the vicinity of oxidizing ore masses where substantial 
amounts of heavy salts are taken into solution. These solutions 
are thus enabled to descend well below the water table producing 
oxidation, enrichment or solution, since chemical reactions with 
wall rock tend to replace the heavier elements with equivalent 
lighter ones. Data for simple chemical solutions and actual mine 
waters are presented to support this view. The added suggestion 
is offered that the variations in density of ore-depositing magmatic 
solutions probably are even greater and more important. 


INTRODUCTION. 





It is a well-known fact that the oxidized and secondarily en- 
riched capping over large ore deposits may have a vertical range 
of hundreds of feet, in unusual instances exceeding 1,000 feet in 
depth. This is verified readily in the following tabulation from 
a standard text. : 


VERTICAL HEIGHT OF SECONDARY SULPHIDE ZONES. 
(Lindgren’s Mineral Deposits, 1933.) 


Copper Ores. 


In general, Up to 1,000 ft, or more. 

Ely, Nevada 500 ft 

Bingham, Utah 500 ft} 

Inspiration, Ariz. 400 ft 

Rio Tinto, Spain 200-1,500 ft 
Silver Ores. 

In general Up to 1,000 ft 

Georgetown, Col. 500-1,000 ft 

Chafiarcillo, Chile 300-600 ft 


1 James A. Marsh in his paper on the Geology of the Utah Copper Mine, makes 
the following statement : 


“The maximum depth to which the secondary enrichment zone extends has been 


found to be 2,200 feet below the original surface; however, the average thickness 


is between 600 and 700 feet.” 
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The examples listed are all from arid or semi-arid regions of 
considerable relief, and the prevailing low level of the water table, 
or its virtual absence in most cases, permits assumption of an ade- 
quate gravitational head for much of the implied range of ground 
water circulation, although probably not for the deeper portion 
in areas such as Bingham. Indeed, from the known chemistry of 
secondary sulphides it is probable that at the time of their deposi- 
tion the water table locally stood high enough so that most of this 
occurred below the water level. 

Again it is a problem debated among hydrologists, admittedly 
without much unanimity of opinion but with reputable advocates 
of the affirmative, whether solution cavities in soluble rocks such 
as limestone, when found at depths well below the water table, 
may have formed in that relation or necessarily imply a former 
higher elevation of the land. Even the advocates of formation 
below the water table, however, ordinarily resort to explanations 
based on an artesian system of circulation from a higher to a 
lower level. 

The writer has himself described a case of oxidation and second- 
ary sulphide formation * on a considerable scale on the margin of 
the Canadian shield in a situation which demands that the cir- 
culation of effective reagents must have extended some hundreds 
of feet below any possible outlet and materially below the present 
sea level. Inasmuch as there is now a relief of 100 to 200 feet 
and was, in pre-glacial times, at least 200 to 300 feet in this area 
one could, of course, postulate an artesian system, but this seems 
far-fetched and there is, in the writer’s opinion a better ex- 
planation that probably applies in a large measure to this region 
and in some degree to most other cases of secondary enrichment. 

This explanation is supplied by the principle long used by hy- 
drologists in problems dealing with ground water along sea coasts, 
that the differential density of a fresh and a saline water is suf- 
ficient to condition their circulation and mutual relations. Thus 
fresh ground water is known in many places to rest as a floating 


2 Brown, John S.: Supergene sphalerite, galena and willemite at Balmat, N. Y. 
Econ. Geov., XXXII: 331-354, 1936. 
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layer above heavier salt water, and salt water introduced above 


fresh water can displace it.® 


COMPARATIVE DENSITIES OF EQUIVALENT SOLUTIONS 


OF COMMON SALTS. 


The following table, derived by interpolation from International 
Critical Tables,* shows the wide range of specific gravity for 
chemically equivalent solutions of common salts and acids likely to 


be present in ground water. 


DENSITIES OF NORMAL SOLUTIONS 
(OF EQUIVALENT REACTING VALUES). 


At 20° C.-68° F., referred to water at 4° C. 


Substance. 
HCl 
NaCl 
MgCle 
CaCle 
FeCls 
NaHCO;* 
NazCOs 
NaOH 
Na2SiOs* 
H2SO,4 
MgSO,« 
Als(SOs4)s 
Fe2(SO.) s* 
FeSO.* 
CuSO, c 
ZnSO, 
Av. Sea Water 
Pure Water 


* Data are for 18° C. 


Density. 


1.016 
1.039 
1.036 
1.042 
1.044 
1.030 
1.039 
1.041 
1.062 
1.030 
1.058 
1.052 
1.060 
1.070 
1.079 
1.080 
1.025 
99823 


Wt. % of Solute. 


3.59 
5.63 
4.39 
5.03 
5,17 
4.06 
3.95 
3.83 
5.77 
4.67 
5.71 
5.42 
6.28 
7.08 
7.38 
7.48 
3.50 (approx.) 
(At 20°) 


Since these concentrations are somewhat greater than any 
likely to be found in ground water, even in the vicinity of active 
oxidation, it is more useful to consider the following table based 
on one one-hundredth normal solutions, although the data sup- 
plied at this range by the International Critical Tables cover only 
a few of the common substances dissolved in ground water. 


These concentrations are well within the range of normal 
ground waters, and in the vicinity of active oxidation and enrich- 
It is clear from the two preceding 


ment may be greatly exceeded. 


3 See Tolman, C. F.: Ground Water. 


4 International Critical Tables. McGraw-Hill, 1928, III: 51-111. 


McGraw-Hill, 1937, pp. 245-248. 


, 





—t— 








—_ —_y~ ~— 
— ’ 








DIFFERENTIAL DENSITY OF GROUND WATER. 313 


DENSITIES OF ONE ONE-HUNDREDTH NORMAL SOLUTIONS. 
(EQUIVALENT REACTING VALUES; AT 20° C.) 


(Derived from International Critical Tables.) 























| | es 
Sashetanrn saalies | weoms | Parts per Density Referred to 
Substance. Density. | Wt. % Solute. | Million. Water at 20° C. 
Ca(OH): -998630 | .0380 380 | 1.00040 
NaCl -998654 -0585 | 585 1.00042 
MgSO, .998870 .0601 601 1.00065 
ZnSO, -999083 | .0807 807 1.00085 





tables that not only is a solution of any sulphate of the heavy 
metals, such as iron, zinc or copper, materially heavier than any 
equivalent solution of the common bases, but that if any of the 
sulphates should react either with limestone or with dissolved 
carbonates to precipitate compounds of the metals and place cal- 
cium or magnesium sulphate in solution, then the resultant solu- 
tion would be appreciably lighter than and susceptible of gravita- 
tional displacement by an equivalent increment of metallic sul- 
phates supplied by continued oxidation from above. There is, 
accordingly, no necessary limit on the depth to which oxidation and 
secondary enrichment may extend in formations which are either 
initially porous, or consist of soluble materials, particularly lime- 
stone. Neither is the depth of possible oxidation and enrichment, 
under this conception, controlled in any degree by local or ultimate 
base level. As long as heavier materials are supplied by chemical 
activity at higher levels the lighter resultants may be displaced 
gravitationally, provided super-capillary channels of circulation 
are maintained. 


DENSITIES OF ACTUAL MINE WATERS. 

In pursuance of this inquiry the writer for several years has 
been collecting data on mine water from the locality previously 
cited, particularly the workings of the Balmat zinc mine as they 
developed from the surface to a depth of 1300 feet. The for- 
mation is Grenville limestone; the ore consists of massive pyrite- 
sphalerite replacements, sporadically oxidized with accompanying 
secondary sulphides, to a depth of more than 1000 feet. The 
oxidation is arrested, pre-glacial but has been rejuvenated near the 
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surface by the opening of the mine workings. All waters noted as 
virgin, that is taken when first encountered, therefore, represent 
substantially static ground waters presumably relict from final 
reactions of the former oxidation and enrichment. 

Aside from sample A which definitely represents a rejuvenation 
of the oxidation process, incident to opening of the mine, two 
features in this table are of interest. First the specific gravity 
variations in these samples are ample to account for gravitational 
migration. Second, there is an irregular but progressive increase 
of specific gravity with depth, a natural corollary of past gravita- 
tional adjustment. The lighter and less concentrated samples at 
higher levels doubtless represent the effect of long continued dilu- 
tion by surface waters in the period since natural oxidation was 
arrested and concentrated solutions were no longer supplied at 
shallow depths. 

The last water listed, sample Z, comes from the neighboring 
Edwards mine at a depth of 1900 feet, nearly 1000 feet below any 
evidence of the penetration of surface waters, and is judged from 
field evidence to represent the final residuum of magmatic solutions 
from which primary ore was deposited. It is a saturated saline 
solution nearly ten times as high in total solids as sea water, and 
with a specific gravity that would permit it to displace almost any 
conceivable meteoric ground water over which it might be super- 
imposed. This raises an interesting speculation as to whether 
magmatic solutions, injected suddenly into areas saturated with 
ordinary ground water, may not be redistributed gravitationally 
so as to result in mineral deposits precipitated from descending 
magmatic waters. The writer has seen evidence suggestive of 
support for such a hypothesis in certain Mississippi Valley deposits. 


SUMMARY. 


Field evidence and theory as presented in this article lend ma- 
terial support to the conclusion that gravitational differences in 
the weight of natural ground waters are sufficient to explain their 
migrations to important depths below the water table in certain 
cases without the aid of the usual concept of artesian head. 











316 JOHN S. BROWN. 


The fact that mineral deposits exhibiting oxidation and enrich- 
ment at unusual depths seem to be limited rather closely to regions 
either now or formerly of arid climate suggests that it is mainly 
in warm and dry climates that oxidizing solutions are generated 
with sufficient concentration and under circumstances favorable 
for deep penetration. In regions of more abundant rainfall with 
shallow water tables concentration probably seldom attains the 
point of gravitational effectiveness before additional dilution 
occurs. Thus, it is that the lateritic type of oxidation, extending 
to moderate depths over a wide area, is typical of warm, humid 
climates. The fast-replenished upper layers of ground water 
are so continually diluted that they are normally lighter than the 
slower-moving deeper zones and so are constantly removing lat- 
erally their small quota of light and soluble materials while heavier 
and less soluble elements accumulate. Undoubtedly the presence 
of a relatively impervious bedrock (capillary or smaller openings ) 
assists this process in the more striking cases such as the develop- 
ment of lateritic iron ores on serpentine. Localized oxidation and 
enrichment extending to great depth, therefore, probably always 
signifies aridity of climate and absence of any well-defined water 
table, whereas the lateritic type of alteration implies the opposite. 

There are some minor points inthe matter of density and be- 
havior of ground waters that probably have a slight effect, such 
as the differences in density and viscosity of a water due to tem- 
perature changes and the differences in viscosity as well as density 
due to concentration of various salines, but study of the data 
available in International Critical Tables suggests that these are 
not of much consequence. 


With respect to magmatic ore-forming solutions, it seems prob- 
able that the lightest of them, unless greatly diluted, is so much 
heavier than any normal ground water with which it is likely to 
come in contact that superposition of the magmatic water in any 
supercapillary medium would inevitably mean gravitational dis- 
placement of the meteoric water and downward settling of the 
magmatic solution. 
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The precipitation of heavy metallic elements from a magmatic 
solution, even in the case of substitution of equivalent replaced 
matter, is bound to effect a progressive and significant reduction 
in its density. It is also probable that the original differences 
in density between different magmatic solutions are even greater 
than those in ordinary ground waters and they are more likely, in 
the process of introduction, to become suddenly superimposed or 
commingled with resultant gravitational readjustment in super- 
capillary openings such as fissure veins and porous formations. 
Such readjustments of heavier solutions downward afford one 
more possible explanation of some of the vagaries of ore shoots. 

BALMAT, NEw York, 

March 10, 1942. 














GOLD MINERALIZATION IN MINOR 
IGNEOUS INTRUSIONS.* 


W. W. MOORHOUSE. 


ABSTRACT, 


The association of gold mineralization with or in porphyry 
dikes and bodies in many parts of the Canadian shield has often 
been considered to be purely structural or. genetic only in the 
sense of derivation from the same magmatic source. Evidence 
of a much more intimate connection is given from an occur- 
rence of auriferous pyrite as disseminations and in quartz- 
carbonate veins in albitite porphyry in Bryce township, Ontario. 
The porphyry is in part a normal dike, in part a replacement of 
associated schists. Stringers extending into the schists are 
enclosed by a zone of albitization which resembles the porphyry 
itself. This, with other examples from the same area, is be- 
lieved to indicate that replacement and intrusion by albitic material 
were accompanied by the gold-pyriite mineralization. Com- 
parisons are given with other gold deposits associated with 
porphyry and albitite dikes in Canada. 

Auriferous quartz-sulphide mineralization that has been dis- 
covered in small altered dioritic bodies in Strathy township is 
briefly described. The spatial relationships of the veins to these 
intrusives suggests a rather close genetic connection. Reference 
is made to comparable gold deposits described in the literature. 


INTRODUCTION, 


THE significance attached by the prospector to the presence of 
“porphyry” in the gold areas of Canada is well known. Geolo- 
gists, however, have been by no means unanimous in the sig- 
nificance attached to this common association with these and other 
minor intrusives. In many cases the relationship is considered 
to be genetic only in the sense of derivation at depth from a 
common magma. In others, the localization of gold deposits in 
or near porphyry or other minor intrusive bodies has been ascribed 
to the structural competence of the intrusive relative to the country 
rock. The structural significance of minor intrusives has been 

* Presented before the Society of Economic Geologists, Boston Meeting, Dec. 29, 
1941. 
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emphasized by several writers, including Moore,’ Bruce *** and 
others. Except incidentally, the writer plans to emphasize other 
factors in the role of intrusives in the ensuing paper. 


GOLD MINERALIZATION AND PORPHYRY DIKES. 


An interesting occurrence, not so far known to be of economic 
importance, but of some significance genetically was examined by 
the writer in the north half of lot 10, concession II, Bryce town- 
ship, Ontario. Gold occurs in association with albitite and albitite 
porphyry in such a manner as to leave little doubt of its intimate 
genetic relationship. The intrusives form dikes and sheets which 
intersect highly sheared, altered volcanics, including agglomerate, 
tuff and pillow lava. Three zones of mineralization are of in- 
terest. The eastern zone is an albitite porphyry dike approxi- 
mately 24 feet wide, and heavily sheared for 5 or 6 feet on each 
wall. The dike is fractured, being crossed by short tension cracks 
that are filled with quartz and ankeritic carbonate. They are quite 
irregular and dip from 0° to 45° west. Mineralization consists 
of cubic pyrite in the veins and porphyry and one or two pockets 
of pyrite up to 10 or 12 inches in diameter in the porphyry. Low 
values in gold were obtained from this dike. 

In thin section, the porphyry is found to be composed of albite 
(An;) phenocrysts partly altered to white mica in a matrix of 
quartz and albite. Carbonate as isolated euhedral grains and vein- 
lets, scattered cubes of pyrite, rutile and leucoxene are present. In 
the sheared borders of the porphyry, the albite phenocrysts are 
fractured, and sericite and chlorite are more abundant. 

The central mineralized zone of albitite and albitite porphyry 
(Fig. 1) is much more complex. It is a branching series of albi- 
tite porphyry dikes associated with what appears to be a thin sheet 
of albitite, dipping north, and albitized greenstones and pillow 

1 Moore, E. S.: Genetic relations of gold deposits and igneous rocks in the 
Canadian Shield. Econ. Greor. 35; 127-139, 1940. 

2 Bruce, E. L.: Structural relations of some gold deposits between lake Nipigon 
and Long lake, Ontario. Econ. Grou. 34: 357-368, 1939. 

3 Bruce, E. L.: Econ. Grou. 32: 198-199, 1937. 
4 Bruce, E. L.: Albite and gold. Econ. Gror, 36: 455, 1941. 
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lavas in varying stages of alteration. Mineralization again is 
chiefly pyrite, in altered rock, albitite, and in irregular quartz- 
carbonate veins. A little chalcopyrite was observed also. 

The porphyry dikes in this group are petrographically similar to 
the one just described. The percentage of albite phenocrysts 
present is variable. In some cases, with quartz eyes and patches, 
they constitute over 50 per cent of the rock. The matrix is 
largely dominated by the carbonate, and on weathering the rock 
appears to be composed only of albite phenocrysts and rusted 
carbonate. 


TUFE CARBONATE TUFF ILLOW LAVA 
SCHIST fF uo 7 


a 4 


poe “#0 FEET WL) 


























Fic. 1. Sketch map of the central aibitite zone, on lot 10, concession II, 
Bryce township. 


The origin of some of the porphyry-like rocks by albitization 
of greenstones is indicated by the presence of pillow structure in 
the less albitized material and by gradations from less albitic to 
more albitic types. The metasomatic albitites are not as clearly 
porphyritic as the intrusives. Patches of moderately coarse albite 
are present but the fine grained quartz-albite matrix is dominant 
and is accompanied by white mica, carbonate, chlorite, leucoxene 
and rutile. The amount of chlorite present is inversely propor- 
tional to the degree of albitization. Mineralized veinlets cutting 
the volcanics are found to be enclosed in zones of fine-grained 
albitization, which grade into the schists in the way outlined above. 
The albite is lath-like in form. Carbonate and cubic pyrite are 
distributed through the albitized zone. In some specimens of this 
material pyrite is in the form of roughly cubic skeleton crystals 
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which show apparent replacement relationships to albite, quartz 
and carbonate. 

The west zone is a complex series of irregular quartz-carbonate 
veins and stringers in carbonated volcanics (?). The veins are 
associated, as above, with zones of albitization on both walls. 
Both veins and wall-rock are mineralized with well crystallized 
pyrite. In the quartz it forms crystals up to an inch or more on ° 
the cube-edge, in the albitized rock it is 4g to %4 inches. Both 
coarse and fine pyrite yield small amounts of gold (generally less 
than 0.1 oz.) on assay. Near this zone which is 80 feet wide and 
of undetermined length, several albitite porphyries with consider- 
able rusty-weathering carbonate outcrop. 

There can be little doubt that the mineralization described is 
related to the albitic intrusives and albitization. The following 
points, moreover, indicate that the mineralization was introduced 
with the albitic intrusive and albitizing solutions and probably rep- 
resented a late differentiate of it. 

1. The abundance of quartz-carbonate-pyrite veins in and near 
the porphyry dikes and bodies. 

2. The development of alteration zones along veinlets in the 
country rock. They contain the same minerals as the porphyries 
although they differ in texture. 

3. The distribution of pyrite and carbonate in the albitite por- 
phyry without any apparent consistent control by channels or 
fractures. 

4. The presence of pods of massive pyrite in the albitite por- 
phyry without any of the usual indications of replacement. 

5. Mineralized fractures similar in structure to those in the 
porphyry dikes cut carbonated volcanics in the west zone. This 
indicates that the localization of these fractures and hence of the 
mineralization is not dependent on the mechanical properties of 
the porphyry. 


These relations are evidence that there is an intimate relation- 
ship between the albite, quartz, carbonate, pyrite and presumably 
the associated gold. In many other parts of the Bryce area gold 
values and mineralization are found associated with sodic quartz 
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porphyries and albitized country rock seamed with quartz- 
carbonate-pyrite veins. The reader is referred to the writer’s ° 
report for details regarding these deposits. 

Petrologically, the Bryce area as a whole is characterized by the 
universal predominance of soda in the feldspars. The batholith to 
which the minor intrusives appear to be related is similarly sodic. 
Careful microscopic examination and several staining tests have 
failed to reveal the presence of potassic feldspar. The batholithic 
intrusive appears to be a tonalite, comprising large subhedral grains 
of saussuritized intermediate plagioclase, now largely changed to 
albite, enclosed in a matrix of anhedral, coarse-grained quartz. It 
seems reasonable to consider that the numerous sodic dikes in the 
area crystallized from a magma composed of the late quartz-albite 
fraction of the batholith. The relations given above indicate, 
moreover, that in certain (late?) carbonate-rich portions of this 
fraction, gold values were present. Indeed, fractures have been 
discovered in the tonalite which are mineralized and are said to 
carry gold values. Carbonate and albite are abundant along these 
mineralized joints. 

The albitic nature of the associated rocks, mentioned above, con- 
stitutes a post-script to Gallagher’s ° compilation on the subject of 
albite and gold. The association of gold values with porphyry 
dikes has been noted in many areas. 


OTHER EXAMPLES OF THE ASSOCIATION OF GOLD IN PORPHYRY 
DIKES IN CANADA. 

Stockwell‘ has considered gold values in and near sodic por- 
phyries and “‘quartz-eye” granite to be genetically related in the 
Elbow-Morton Area, Manitoba. Gunning * has demonstrated the 
close relations of sodic minor intrusives in the Cadillac Area, Que- 


5 Moorhouse, W. W.: Geology of Bryce and adjoining townships. Ont. Dept. 


Mines, 49: 1940 (in preparation). 

6 Gallagher, D.: Albite and gold. Econ. Gror. 35: 698-746, 1940. 

7 Stockwell, C. H.: Gold deposits of Elbow-Morton Area, Manitoba. Can. Geol. 
Surv., Mem. 186: 13, 1935. 

8 Gunning, H. C.: Cadillac Area, Quebec. Can. Geol. Surv., Mem. 206: 43, 
1937. 
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bec. Similar relations have been indicated by Cairnes,’ in the 
Bridge River Area, British Columbia. Derivation of mineraliz- 
ing solutions from porphyry and pegmatite dikes is postulated by 
Cooke,’® in the case of the Otisse claims (now Matachewan Con- 
solidated) in the Matachewan Area. On the other hand, Bruce 
and Hawley” and Hurst*’ have concluded that the important 
gold mineralization of the Howey quartz-albite porphyry is unre- 
lated to the dike except in a structural way. 


MINERALIZED STOCKS IN STRATHY TOWNSHIP. 


In central Strathy township, district of Nipissing, Ontario, small 
ore shoots have been discovered in irregular stocks and dikes of 
quartz diorite. On the Timagami Gold Mines property the ore 
zone is a series of narrow quartz lenses and stringers mineralized 
with pyrite, cutting an altered zone in a quartz diorite knob, which 
appears to be a partially isolated stock-like mass. The zone is 
about 250 feet long and strikes N 60° W. The mineralized zone 
has been exposed by trenching and stripping. Elsewhere the rock 
in the vicinity is poorly exposed. During a brief visit to the 
property, representative specimens were selected at various dis- 
tances north of the vein zone in a cross-trench, and from various 
places in the zone itself. 

The specimen selected farthest from the mineralization appears 
to be an altered, basic quartz diabase. Plagioclase is present as 
subhedral crystals, heavily charged with saussurite and altered to 
chlorite, embedded in a matrix of uralitic hornblende and chlorite. 
Quartz forms scattered grains throughout the rock and locally 
forms an intergrowth with albite. A more siliceous phase of the 
rock nearer the mineralized zone is characterized by a much higher 

8 Cairnes, C. E.: Geology and mineral deposits of Bridge River Mining Camp, 
3ritish Columbia. Can. Geol. Surv., Mem. 213: 49, 1937. 


10 Cooke, H. C.: Geology of Matachewan district, northern Ontario. Can. Geol. 
Surv., Mem. 115: 47-55, 1919. 

11 Bruce, E. L., and Hawley, J. E.: Geology of the basin of Red lake, district of 
Kenora (Patricia portion). Ont. Dept. Mines, 36, pt. 3: 64, 1927. 


12 Hurst, M. E.: Gold deposits in the vicinity of Red lake. Ont. Dept. Mines, 
44, pt. 6: 1935. 
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percentage of bladed albite, dotted with chlorite and saussurite. 
There is abundant quartz and micropegmatite which is a very 
delicate feathery intergrowth of quartz and alkali feldspar. 
Chlorite is the only abundant ferromagnesian constituent and mag- 
netite and leucoxene are relatively common. A still more altered 
phase near the vein zone carries abundant quartz and carbonate 
with albite, chlorite and feathery intergrowths of quartz and 
alkali feldspar. The feldspar of the intergrowth is almost if not 
entirely replaced by sericite and carbonate, which form striking 
pseudomorphs. This type on weathering has a porous, vuggy 
surface due to the leaching of the carbonate. In the immediate 
vicinity of the vein, the country rock consists of quartz, white 
mica, late carbonate, chlorite, pyrite in well formed cubes, and 
accessories such as apatite and leucoxene. The quartz is of two 
types, one clear, the other clouded with white mica. The mica, 
here, as in the preceding type, is pseudomorphic after the feldspar 
of the micropegmatite. 

The facts described in the preceding paragraphs point to an inti- 
mate relationship between the gold mineralization and the stock in 
which it occurs. 

1. The mineralization does not extend beyond the boundaries 
of the stock. : 

2. The micropegmatitic intergrowth of quartz and alkali feld- 
spar is a characteristic acid differentiate of diabasic rocks. 

3. No sharp contact was recognized between the basic and 
siliceous phases of the intrusive by the writer or others who have 
mapped the area. 

4. The progressive increase in quartz from the basic to the 
siliceous phases and quartz veins, the apparent identity of vein 
quartz and quartz in the siliceous phases, suggest that all three are 
genetically related and differentiates of the same magma, probably 
in place. 


graphically, the diabasic country rock of this mineraliza- 
Petrographically, the diabasic country rock of this mineraliza 
tion is reminiscent of the “diabase” in which the productive veins 
of the San Antonio mine in Manitoba are located, according to 
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Stockwell’s ** description. Stockwell seems to consider, however, 
that the localization of mineralization in the ‘“‘diabase”’ is due to its 
structural behavior alone. 

Adjoining the Timagami Gold Mines to the east, somewhat 
similar mineralization has been discovered in an irregular dike of 
quartz diorite on the Hermiston-McCauley property (Fig. 2). 
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Fic. 2. Sketch map of Hermiston-McCauley property showing location 
and strike of mineralized veins and fractures. 


This body appears to be most sheared and altered in the vicinity 
of the mineralization, and in the tapering southwestward exten- 
sion. The fine grained border on the southeast side, and the 
coarser more typical type near it appears to be relatively unde- 
formed. Two veins or vein zones of economic interest have 
been discovered. The south one strikes N 30° E and comprises 


13 Stockwell, C. H.: Rice Lake-Gold Lake area, southeastern Manitoba. Can. 
Geol. Surv., Mem. 210: 15, 1938. 
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up to 6 feet of quartz in sheared, altered quartz diorite. Fine to 
medium grained cubic pyrite is distributed in patches and streaks 
in the quartz and in disseminations in the wallrock. Angular in- 
clusions of quartz diorite are found in some sections of the vein. 
The vein is lenticular and variable in strike, and is offset by a 
number of minor cross faults. The north zone, the ‘Shaver’ 
vein, parallels the south one. It is much more uniform in strike, 
width and gold content. In addition to pyrite, sphalerite and 
galena are found in the well-fractured quartz in some abundance. 
Chalcopyrite is present locally. In addition to these, the quartz 
diorite is cut by a large number of narrow veins, stringers, and 
pyritized shears which are of no economic value. The intrusive 
is cut by lamprophyre and “greenstone” dikes. Underground 
plans prepared by the operators also indicate the presence of por- 
phyry dikes cutting the quartz diorite. 

The least altered phase of the diorite is a bluish grey rock with 
visible quartz in which the dominant mineral is plagioclase in sub- 
hedral grains, entirely altered to saussurite, white mica and albite. 
Quartz is fairly abundant, in dusty grains interstitial to the feld- 
spar. Chlorite is the principal ferromagnesian. In one case an 
angular intergrowth of quartz and albite was observed. The 
chief accessories are leucoxene, rutile and apatite. 

In the vicinity of mineralization, the diorite is sheared, white- 
weathering and considerably altered. Under these conditions it 
is composed chiefly of sericite and carbonate with quartz which is 
at times the dominant mineral. Chlorite is present, usually in 
smaller amounts. Pyrite is ubiquitous. The vein quartz as seen 
in one thin section is composed of two types: (1) large, stained 
grains with many inclusions and resembling the quartz of the 
quartz diorite, (2) fine grained, clear quartz, surrounding (1) and 
presumably resulting from the total replacement of the sericite and 
related minerals of the adjoining altered country rock. In gen- 
eral the vein quartz resembles the quartz of the diorite. 

The evidence is not conclusive in the case of this deposit but the 
following points are advanced as indicative that the mineralization 
was derived from the intrusive itself. 
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1. The veins are almost entirely confined to the dike although 
similar mineralization is found in other rocks in adjoining 
properties. 

2. This and the intrusive on the Timagami Gold Mines prop- 
erty, though not identical, appear to be related. 

3. The mineralized fractures and vein zones are variable in 
strike from. N 30° E to N 60° W. Individual veins may be curv- 
ing and irregular. This suggests that they were not caused by 
major regional compressional stresses, such as would be the case 
if they were due to the structural behavior of the diorite during 
regional deformation. 

If the conclusions arrived at are correct the deposits just de- 
scribed are of interest in the light of Hulin’s ** conclusions regard- 
ing the derivation of gold from basic rocks. It is noteworthy, 
however, that in the cases described above the mineralization is 
associated with siliceous phases of the basic and intermediate in- 
trusives. If a brief survey be made of the geology of Canadian 
gold deposits it is interesting to note the number that are associ- 
ated with relatively basic or intermediate rocks which show evi- 
dence of differentiation to more salic phases. The Bridge River 
deposits of British Columbia, described by Cairnes,’® the Falcon 
lake stock (Sunbeam Kirkland) described by Brownell,’® the 
Lamaque mine, described by Bell *‘ and others, and the San An- 
tonio already mentioned are all associated with basic to inter- 
mediate intrusives which in the case of the first three at least show 
evidence of differentiation. 


CONCLUSION. 


In the preceding paragraphs the writer has presented evidence 
which suggests if it does not prove that the gold mineralization 


14 Hulin, C. D.: Metallization from basic magmas. Univ. Cal. Pub. Geol. Sci., 
18, No. 9: 233-284, 1929. 
15 Cairnes, C. E.: op. cit. 


16 Brownell, G. M.: Geology of the Falcon lake stock, Southeastern Manitoba. 
Can. Inst. Min. Met. Trans. 44: 230, 1941. 

17 Bell, L. V.: Lamaque-Sigma mines and vicinity. Que. Bur. Mines, Pt. B: 
3, 1934. 
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of the bodies described form a differentiate more or less in situ 
of the bodies themselves. This is particularly interesting in view 
of the fact that the first is an extremely salic intrusive related to a 
major tonalitic intrusive, whereas the second and third are inter- 
mediate to basic bodies. Their relations to the nearby batholith 
(a more normal granite) are unknown, but since they are more 
basic than it is, they may well represent rather early differentiates 
of the parent magma. At whatever stage they were formed, it is 
significant that in each case the associated feldspars are sodic. 

It has been customary for many years now to consider that 
gold-bearing veins and deposits occurring in and largely confined 
to minor intrusive bodies have been introduced after solidification 
of the body from an underlying even though related source. In 
some cases, no effort has been made to demonstrate the necessity 
of such a hypothesis. The possibility of the concentration of re- 
sidual mineralizing fractions of the intrusive in fractures contem- 
poraneous with or just subsequent to solidification of the main 
mass of the intrusive is not considered. The writer holds that in 
the absence of definite structural evidence, or evidence of distinctly 
different origins of the mineralizing solutions and the intrusive, 
this possibility should be considered. Emmons ** has emphasized 
the association of gold deposits and minor intrusives in Canada. 
Can this be overlooked without good reason in view of the fact 
that the fundamental argument in favor of the magmatic origin of 
hydrothermal ore deposits is their spatial association with igneous 
rocks? 

In conclusion it must be admitted that from the point of view 
of mine geology, the structural relations of the mineralization are 
by far the most important. On the other hand, the possibility of 
the occurrence of economic deposits in intrusives of the types de- 
scribed is of interest in the field of prospecting. The importance 
to theories of ore genesis of the recognition of the genetic relations 
of gold deposits and intrusives—where they exist—is obvious. 


18 Emmons, W. H.: Gold Deposits of the World. McGraw-Hill Book Co., New 
York, 1937. P. 13, ete. 
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DISCUSSION AND COMMUNICATIONS 





DIRECTION OF FLOW OF MINERALIZING 
SOLUTIONS. 


Sir: The above paper by Dr. Newhouse in the September— 
October, 1941, number of this journal describes various experi- 
ments on the growth of crystals in relation to the direction of flow 
of the solutions precipitating the crystals. The results of these 
experiments are compared with the natural occurrences in several 
ore deposits. For several years the writer has used eccentric 
growth of quartz crystals and unequal coating of one mineral by 
another as criteria for determining the direction of flow of miner- 
alizing solutions. However these criteria have been used with an 
exactly opposite interpretation from that of Dr. Newhouse. 

In the following discussion the terms “up” and ‘“down”’ sides 
will be used rather than “‘stoss” and “lee” sides. The up and down 
sides are, respectively, those away from and toward the center of 
gravity. ; 

In various Bolivian deposits, and especially at Llallagua, quartz 
crystals are commonly coated with wavellite and yield specimens 
similar to the one shown by Dr. Newhouse in Fig. 6. Occur- 
rences of this type are abundant in the vugs of the Llallagua mine. 
If we assume that the solutions depositing the wavellite came from 
some source below the present occurrence, then the heavier over- 
growth is found to occur on the up side, away from the source and 
not on the down or stoss side as at Las Chispas. At Llallagua the 
great majority of quartz crystals over 5 mm. in diameter are eccen- 
tric and the eccentric apex usually occurs in the upper half of the 
crystal, toward the side or sides which are most heavily overgrown. 
In other words the eccentric apex indicates a direction away from 
the assumed source of primary solutions. This is exactly opposite 


330 











ST 








DISCUSSION AND COMMUNICATIONS. 331 


to the occurrence of eccentric quartz crystals at Hot Springs (?), 
Arkansas, as described by Dr. Newhouse. 

Why this difference? A number of vugs were re-examined 
and specimens and crystals carefully removed from them. In 
every vug showing differential overgrowth, the up side was most 
heavily coated. Eighty-seven per cent of the quartz crystals 
showed the eccentric apex in the up half of the crystal; four per- 
cent in the down half; and nine per cent gave no definite evidence. 

The writer has never visitd Las Chispas nor Hot Springs, Ar- 
kansas, so cannot compare Llallagua with them. Llallagua is 
considered to be a telescoped deposit where minerals were deposited 
at high temperatures and low pressures. The writer has always 
believed that the differential overcoating was due to gravity settling 
and not current flow. Dr. Newhouse mentions gravity settling 
but concludes that it is only active in the case of “large colloidal 
particles or small crystals in a near static solution.” If current 
overgrowth is an active process in ore deposits one could expect 
to find more evidence of it in a telescoped deposit such as Llallagua 
where the major veins characteristically bottom in open fissures 
with quartz lined walls. 

The following minerals also form differential overgrowths at 
Llallagua, in every case on the up side of crystals. The wavellite 
mentioned above is in places accompanied by pyrite, marcasite, and 
sphalerite. These sulphides commonly form a layer next to the 
quartz and are followed by either a single layer of wavellite or 
alternate layers of sulphides and wavellite. In many places black 
cassiterite in discrete “visor” twins occurs on the up side of quartz 
crystals and where the quartz is completely covered the more 
abundant overgrowth is on the up side. Sometimes sharp cubes 
of pyrite occur on the up side of quartz crystals with none on the 
down side. A few years ago a large vug was opened on a branch 
vein which, when viewed from the stope, appeared to be lined 
with large arsenopyrite crystals. When specimens were removed 
the upper half of the crystals were found to be piled to the angle 
of repose with minute grains of wavellite. 

On lower levels of the mine large vugs have been found lined 
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with brown childrenite crystals. When viewed from below these 
vugs show only the brilliant brown crystals but when viewed from 
above the specimens show no sign of the childrenite, only a white 
layer of some clay-like mineral. Childrenite is found coating the 
up side of large paravauxite crystals and in some places the para- 
vauxite has been partially or completely removed leaving the 
former mineral as a pseudomorphic “hood.” One specimen was 
found with cronstedtite on the up side of vivianite crystals. Dif- 
ferential coatings of cronstedtite on etched quartz crystals are not 
uncommon. Greenockite is found on the up side of pyrite crystals. 
The writer believes that these occurrences of differential over- 
growth can best be explained by gravity settling. 

Regarding the eccentric quartz crystals, it is rather surprising 
to find that the Arkansas crystals have grown as indicated, 1.e., 
with the apex toward the source of the solutions. From the crys- 
tals shown by Dr. Newhouse in Figs. 2 and 3, one would conclude 
that if these crystals had developed pyramids, the apex would be 
away from, and not toward, the source of the solutions. It is 
believed that the experimental data given in this paper would sup- 
port the occurrences at Llallagua and not those at Hot Springs 
(?), Arkansas. 

Dr. Newhouse mentions the unequal growth of the three r and z 
rhombohedrons on quartz. This unequal growth is common at 
Liallagua. It will be assumed that the larger faces are the rhom- 
bohedrons. When a crystal grows with one of these faces directly 
downard the most perfect development of the apex in the upper 
half of the crystal results. When a z face occurs at the bottom 
of the crystal we usually find that this single face develops to 
approximately the size of the two r faces on either side and the 
upper r face is very much smaller than the lower z face and often 
smaller than the two z faces on either side. 


The following statement (p. 621) is made regarding etching 
of quartz crystals—“. . . if any of the rhombohedral faces on 
a quartz crystal were etched by the mineralizing solutions, the 
etching will in general be greater on the smaller of the r faces 
and the smaller of the z faces.” Assuming that the three smaller 
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rhombohedrons are z, at Llallagua etching and solution takes place 
in the plane of these faces irrespective of relative size or position 
in respect to the solution current. Solution starts at the apex and 
extends down the z faces or the ridges formed by the r faces where 
the z face does not extend to the apex. Solution then spreads 
laterally into the r faces and as the crystals are blunted, eventually 
only a crescent of the r faces remains. Fine examples of all stages 
of solution of quartz crystals are found at Llallagua. 

A more complete description of the occurrences of current over- 
growths at Las Chispas and the eccentric quartz crystals in Arkan- 
sas would be of great interest to Bolivian geologists. Which de- 
posits are unique? 


Mark C. BaAnpy. 


LLALLAGUA, BoLivia, 
March 9, 1942. 
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Optical Mineralogy. By Austin F. Rocers anp Paut F. Kerr. Pp. 
xvi + 390; Figs. 369. McGraw-Hill Book Company, Inc., New York 
and London, 1942. Price, $3.75. 


This is a second edition of Thin-Section Mineralogy, by the same 
authors. The general form of treatment of the first edition has been 
maintained, but the text has been entirely rewritten, and enlarged by 
nearly 100 pages and over 100 figures. 

The principal addition is a new chapter on observations of mineral 
fragments in immersion media. The descriptions of some mineral 
groups have been revised and enlarged, and a number of additional 
mineral descriptions have been added. 

The book is of high quality throughout. The figures, including dia- 
grams, and photomicrographs of thin sections, are excellent. The book 
is very well suited for the purpose for which it is designed, as a text 
in a first course in optical mineralogy. 

G. SwITzer. 


Source Beds of Petroleum. By Parker D. Trask AND H. WHITMAN 
Patnope. Pp. 530; Figs. 72; Tables 151. A. A. P. G. Tulsa, 1942. 
Price, $4.50. 

and 


A Symposium on Petroleum Discovery Methods. Conducted by Re- 
search Committee of A. A. P. G., A. I. Levorsen, Chairman. Pp. 164. 
A. A. P. G. Tulsa, 1942. 


It appears that this reviewer is destined to finish completely immersed 
in oil, with two more books on petroleum to serve as a farewell con- 
tribution for the year. Both of these books are published by the 
A. A. P. G. and both represent attempts to aid future discovery and pro- 
duction of oil. 

The first and more significant of the two is Source Beds of Petroleum. 
The authors, Messrs. Trask and Patnode, have undertaken the unenviable 


* Books noted under Reviews and Books Received may be ordered through the 
Economic Geology Bookshop, W. S. Bayley, Urbana, Ill., but orders for official 
reports and single copies of Journals should be sent directly to their publishers. 
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task of analyzing hundreds of samples of sediments in an attempt to de- 
termine what, if any, are the diagnostic criteria for distinguishing beds 
which may have served as a source for petroleum. That ‘this purpose is 
complicated not a little by our present lack of knowledge about the origin 
of petroleum is well appreciated by the authors. They have proceded 
therefore on the assumption that beds stratigraphically near oil horizons 
are more likely sources than those farther away. 

The main part of the book is given over to description and analyses 
of sediments from many oil fields. The sediments were analyzed for 
eight properties. In the words of the authors, “These are: (1) the 
quantity of organic matter; (2) the color of the sediments; (3) the 
reduction number—a measure of the quantity of chromic acid the sedi- 
ment can reduce; (4) the volatility; (5) the relative volatility—the ratio 
of the volatility to the reduction number; (6) the ratio of carbon to nitro- 
gen; (7) the ratio of the reduction number to the carbon content; and (8) 
the nitrogen-reduction ratio—the ratio of the nitrogen content to the re- 
duction number.” Of these eight only the nitrogen-reduction ratio was 
found to have a definite relation to the distance from the oil zone, the 
ratio growing smaller as the horizon is approached. Since this ratio was 
found to exhibit local variations, independent of the structure and chiefly 
ascribable to sedimentation changes, it is of little use in locating wells in 
fields which are proved producers. Rather its possible value lies in 
determining the occurrence of favorable beds in new territory. The 
volatility and carbon-nitrogen ratio were also apparently related to oil 
zones, but the relationship is obscure. 

The popular idea that the organic content and the color are good 
criteria for recognition of source beds was not upheld by the analyses. 

This work is only the beginning of research on the problem and much 
remains to be done (as the authors themselves state), but these first re- 
sults seem to have great potential significance if they are substantiated 
by subsequent study, and we feel that this book is worthy of note to all 
geologists. 

The other book is of a very different nature. On January 5 of this 
year a form letter was mailed to over five hundred members and associates 
of the A. A. P. G., asking for opinions as to the best methods for 
assuring the future discovery and production of oil. One hundred ninety- 
nine answers (by our arithmetic) to this letter, sixteen of them anonymous, 
constitute the Symposium on Petroleum Discovery Methods. 

The list of the writers ranges from names already great in geology to 
those who are scarcely known as yet. The replies themselves range from 
five lines to three pages and are dull to very interesting. 

We were especially interested in the wide range of opinion and sub- 
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ject matter discussed. Although replying to questions on petroleum dis- 
covery and production the letters contain incidental views, often sharply 
contrasting, on politics, psychology, and economics. There is much 
repetition of ideas but this is a necessary corollary of such a book. 
WitiiaAM E, BENSON. 


The Face of South America: An Aerial Traverse. By JoHN Lyon 
Ricu. Pp. xvii-+ 301; Figs. 325; Maps 8. Am. Geographical Soc. 
Spec. Pub. No. 26, New York, 1942. Price, $4.00. 


South America is a country of extremes and from Maracaibo to Cape 
Horn, from Pernambuco to Guayaquil presents every kind of climate, 
topography, vegetation, and even of population, in that the Andes region 
produced one of the most advanced civilizations of the New World and 
Tierra del Fuego some of the most primitive tribes in the world. Thus 
presented with all the faces of nature, Mr. Rich has reproduced most of 
them with his superb aerial photographs and running commentaries on the 
face of South America. 

His almost complete circuit of the continent was made by commercial 
airways in 1939 from the east coast of Trinidad to Buenos Aires, across 
the Pampa and the Andes to Santiago and back along the west coast to 
-anama with a side trip to Bogota. By means of a route map and seven 
detailed maps of the countries visited it is possible to locate accurately 
every photograph, each accompanied by text which interprets in detail 
the land and water forms, the features of relief, the geological constitu- 
tion, the vegetation, and human occupance. As the author states “they 
are not random snapshots but air pictures deliberately made and selected 
to record as much as possible of the broader features of South America 
that unfold below the traveler along the skyway that nearly encircles the 
continent.” 

The whole is a fascinating book not only of interest to geographers, 
geologists, ecologists and economists but equally to that non-specific 
creature “the layman.” The author stimulatingly contends that contrary 
to “books of travel and the press which repeatedly characterize South 
America as ‘a land of opportunity’ or ‘a land of untold riches,’ to one whe 
has made the circuit of the continent by air and also spent considerable 
time on the ground, outside the principal cities, South America is a land 
of baffling unsolved problems. The riches are there—in places— and the 
opportunities likewise but they are opportunities for improvement and 
development by large-scale coordinated and scientifically guided effort 
rather than opportunities for the individual pioneer settler.” Most of 
us have been made aware of the lack of transportation and the lack of 
coal as serious inhibitions to development of the natural resources of 
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South America but it is less generally realized that “considering the route 
as a whole, it is worthy of note that only comparatively small parts of 
the areas crossed were found to be free of serious handicaps of topography 
or climate or both. In general South America was peopled by Europeans 
at a considerably earlier date than North America. That it has not been 
peopled and developed so completely or so rapidly becomes more and more 
understandable as climatic and topographic disadvantages are better 
known and appreciated.” The photographs prove the point. 
E. M. W. 


BOOKS RECEIVED. 
WILLIAM E. BENSON. 


Geophysical Abstracts 103. W. Ayvazoctou. Pp. 64. U. S. Geol. 
Surv., Bull. 925-D. Washington, 1941. Price, 10 cents. October- 
December, 1940. 


Geophysical Abstracts 104. W. Ayvazoctou. Pp. 37. U. S. Geol. 
Surv., Bull. 932-A. Washington, 1941. Price, 10 cents. January- 
March, 1941. 


Cléricy and La Pause Map-Areas, Quebec. J. W. Amsrose. Pp. 86; 
figs. 1; 4 geol. maps in color, scales 1” 1500’ and 1”=1 mile (2 on 
each scale). Canada Geol. Surv., Memoir 233. Ottawa, 1941. Price, 
25 cents. Detailed work in Precambrian geology. 


Mississippi Geological Survey, Eighteenth Biennial Report. W. C. 
Morse. Pp. 11. University, 1941. July 1, 1940-June 30, 1942. 


Barytes Deposit at Pembroke, Nova Scotia. A. E. CAMERON. Pp. 7. 
Proc. Nova Scotia Inst. Sci., vol. XX, part 3; pp. 57-63. Halifax, 
1941. Barite occurs as replacement of iron-rich limestone. 


Selected Deep Well Records. W. M. Lairp. Pp. 28. North Dakota 
Geol. Surv., Bull. 12. Grand Forks, 1941. 


The Geology of the Heart Butte Quadrangle. E. E. Tisparr. Pp. 27; 
figs. 2; tables 6; geol. map 12” X 18”, scale 1”=1 mile. North Da- 
kota Geol. Surv., Bull. 13. Grand Forks, 1941. 


Mining Industry of Yukon, 1939 and 1940. H. S. Bostock. Pp. 40. 
Canada Geol. Surv., Memoir 234. Ottawa, 1941. Price, 25 cents. 
Summary of mineral production in Yukon with special emphasis on 
war minerals. 


Canada Dept. Mines and Resources, Report of Mines and Geology 
Branch for Fiscal Year Ended March 31, 1941. Pp. 51. Ottawa, 
1941, 


Topographic Map of the Cave in Rock Fluorspar District, Hardin Co., 
Illinois. 23” x 25”, scale 1”= 500’. Ill. Geol. Surv. Urbana, 1941. 
Excellent detailed mapping but restriction of colors to black and white 
destroys clarity. 
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Tungsten Deposits of Arizona. E. D. Witson. Pp. 49; figs. 1. U. of 
Ariz., Ariz. Bur. Mines, Geol. Ser. No. 14, Bull. 148. Tucson, 1941. 
Price, 25 cents. Short general description of tungsten followed by 
summary accounts of various mines and claims, arranged by counties. 


Minerals of Arizona. F. W. GatpraitH. Pp. 78. U. of Ariz., Ariz. 
Bur. Mines, Geol. Ser. No. 15, Bull. 149. Tucson, 1941. Price, 50 
cents. Minerals are classified on basis of negative radicals and collect- 
ing localities given. 


Underground Leakage from Artesian Wells in the Las Vegas Area, 
Nevada. P. Livincston. Pp. 27; pls. 6; figs. 1. U.S. Geol. Surv., 
W. S. P. 849-D. Washington, 1941. Price, 10 cents. Investigations 
into the causes of declining hydrostatic pressure in this region. 


Geology of Dam Sites in the Upper Tributaries of the Columbia River 
in Idaho and Montana. Part 1. Katka, Tunnel No. 8, and Koote- 
nai Falls Dam Sites, Kootenai River, Idaho and Montana. C. E. 
ERDMANN. Pp. 36; pls. 7; figs. 1. U.S. Geol. Surv., W. S. P. 866-A. 
Washington, 1941. Price, 25 cents. 


Surface Water Supply of the United States, 1939. C. G. PAULSEN 
AND OTHERS. A series of 14 Water Supply Papers of the U. S. Geol. 
Surv. dealing with measurements of stage and flow of lakes, streams 
and reservoirs in 1939. This series first listed in this journal, November, 
1941. The following have been received: 

Part 3, Ohio River Basin. Pp. 570; pls. 1.-U. S. Geol. Surv., 
W. S. P. 873. Washington, 1941. Price, 65 cents. 

Part 5, Hudson Bay and Upper Mississippi River Basins. Pp. 396; 
pls. 1. W. S. P. 875. Washington, 1941. Price, 50 cents. 

Part 10, The Great Basin. Pp. 155; pls. 2. W.S. P. 880. Wash- 
ington, 1941. Price, 25 cents. 


Surface Water Supply of the United States, 1940. L. PARKER AND 
OTHERS. A series of 14 papers corresponding to Peed described above 
for 1939. The following have been received: 

Part 10, The Great Basin. Pp. 122; pls. 1. W.S. P. 900. Wash- 
ington, 1941. Price, 20 cents. 

Part 11, Pacific Slope Basins in California. Pp. 370; pls. 2. W. 
S. P. 901. Washington, 1941. Price, 50 cents. 

Part 12, Pacific Slope Basins in Washington and Upper Columbia 
River Basin. Pp. 205; pls. 1. W.S. P. 902. Washington, 1941. 
Price, 30 cents. 

Part 13, Snake River Basin. Pp. 242; pls. 1. W.S. P. 903. Wash- 
ington, 1941. Price, 35 cents. : 

Part 14, Pacific Slope Basins in Oregon and Lower Columbia River 
Basin. Pp. 203; pls. 1. W.S. P. 904. Washington, 1941. Price, 
30 cents. 


Water Levels and Artesian Pressure in Observation Wells in the 
United States, 1940. Part 5, Northwestern States. O. E. Mernzer, 

. WENZEL AND OTHERS. Pp. 184; figs. 1. U. S. Geol. Surv., 

W. S. P. 910. Washington, 1941. Price, 25 cents. Chie fly statistical. 
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Contributions to Pennsylvanian Paleobotany; Mazocarpon Oedip- 
ternum, sp. nov. and Sigillarian Relationships. J. M. ScHopr. Pp. 
49; pls. 6; figs. 5. Ill. Geol. Surv., Rept. Invest. No. 75. Urbana, 
1941. Plates are excellent photomicrographs and drawings of slides of 
thin sections. 


Structural Control of Ore Deposition in the Red Mountain, Sneffels, 
and Telluride Districts of the San Juan X Mountains. W. S. Bur- 
BANK. Pp. 120; pls. 2; figs. 10; tables 3. Proc. Colo. Sci. Soc., Vol. 
14, No. 5. Denver, 1941. Price, $2.00. Gold-silver ores occur in veins 
associated with volcanic vents around calderas. 


Groundwater Resources in the Southeastern Virginia Coastal Plain. 
D. J. Ceperstrom. Pp. 11; pls. 2; figs. 4. Virginia Geol. Surv., Cir. 1. 
Richmond, 1941. Good diagrams. 


Annual Reviews of Petroleum Technology; Petroleum Technology 
in 1940. F. H. Garner, edit. Pp. 307. Inst. of Petroleum, University 
of Birmingham, England. Birmingham, 1941. Price, $2.50. The 
yearly series of articles reviewing all phases of the petroleum industry 
for 1940. Each subject is treated by an authority in that particular field. 
A valuable and worthwhile publication which we hope will be continued 
despite obvious present difficulties. 


Union County Mineral Resources. L. C. Conant anp T. E. Mc- 
CutcHEon. Pp. 146; figs. 14; numerous unnumbered analyses and drill 
hole records; geol. map, 12” X 21” scale 1’ =1.5 miles. Miss. Geol. 
Surv., Bull. 45. University, 1942. General geology (chiefly stratig- 
raphy) plus records of test holes and laboratory analyses. Resources 
are non-metallic sedimentary minerals. 


Mississippi Agricultural Limestone. F. F. MELLEN. Pp. 16; figs. 1; 
tables 5. Miss. Geol. Surv., Bull. 46. University, 1941. Occurrence 
of commercial limestone taken up by counties. 


Nevada’s Common Minerals. V.P.GIANELLA. Pp. 104; figs. 6. Univ. 
Nev. Bull., vol. 35, No. 6. Reno, 1941. Designed for prospector and 
layman without elementary training in mineralogy. General discussion 
of occurrence and physical properties of minerals is followed by de- 
scriptions of minerals common in Nevada, grouped according to hard- 
ness as aid to determination. A listing of the chief mineral collecting 
localities is lacking. 


Seismic Effects of Quarry Blasting. J. R. THOENEN ANp S. L. WinpDEs. 
Pp. 81; figs. 45. U. S. Bur. Mines, Bull. 442. Washington, 1942. 
Price, 15 cents. The results of study of quarry blasts to determine their 
effect on nearby buildings. 


Sponge Chromium. C. G. Mater. Pp. 107; figs. 17; tables 36. U. S. 
Bur. Mines, Bull. 436. Washington, 1942. Price, 20 cents. Results of 
study of possibility of producing metallic chromium from low-grade 
ores by chlorination. 


Mining Industry of Idaho for 1941. Pp. 262; figs. 27. Idaho Bur. 
Mines and Geology, 43rd Rept. of Mining Industry. Boise, 1941. 
Covers geoiogical and mining problems of all mineral resources of the 
state. 
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Forrest County Mineral Resources. V. M. Foster ann T. E. Mc- 
CuTcHEON. Pp. 74; pls. 1; figs. 7; geol. map 10” X 18”, scale 1’ = % 
mile. Miss. Geol. Surv., Bull. 44. University, 1941. Geology fol- 
lowed by laboratory tests. Resources limited to clay, sand, and oil and 
gas. 


Eustis-Mine Area, Ascot Township. G. V. Douctas. Pp. 22; pls. 4; 
figs. 10; maps 2, inc. geol. map in color 16” X 24”, scale 1’ = 800 ft. 
Quebec Bur. Mines, Geol. Rept. No. 8. Quebec, 1941. General, struc- 
tural, and economic geology of this copper producing area. 


Silurian System of West Virginia. H. P. Woopwarp. Pp. 287; pls. 
33; figs. 12. West Virginia Geol. Surv., vol. XIV. Morgantown, 1941. 
The first in a projected series on systemic geology of the state. Survey 
work is largely independent of the old county reports. 


Bousquet-Joannés Area, Quebec. H.C. Gunninc. Pp. 110; figs. 4; 
geol. map in color, four sheets, each 19” X 27”, scale 1” == 1500 it. 
Canada Geol. Surv., Memoir 231. Ottowa, 1941. Price, 25 cents. 
Detailed Precambrian geology of this gold-producing district. The 
geologic map ts especially good. 

Managanese in Oregon. F. W. Lipsey, J. E. ALLEN, R. C. TREASHER, 
AND H. K. Lancaster. Pp. 74; pls. 3. Oregon Dept. Geol. and Min- 
eral Indust., Bull. No. 17. Portland, 1941. Price, 45 cents. Deposits 
listed and described by counties. 


Geology and Biology of North Atlantic Deep-Sea Cores. U.S. Geol. 
Surv., Prof. Paper 196. Jn 9 parts, the following have just been 
received: 

Part 3. Diatomaceae. K. E. LouMAN. Pp. xii and 32; pls. 9; figs. 
2; tables 7. Prof. Paper 196-B. Washington, 1941. Price, 45 cents. 
Part 4. Ostracoda. W.L. Tresster. Pp. xii and 10; pls. 4; figs. 1; 
tables 6. Prof. Paper 196-C. Washington, 1941. Price, 15 cents. 

Matapédia Lake Area. E. A. pe La Rte. Pp. 33; pls. 8; figs. 2; geol. 
map in color, 10” X18”, scale 1’=-4 miles. Quebec Bur. Maines, 
Geol. Rept. No. 9. Quebec, 1941. General and economic geology. 
Parts of Matane, Matapédia, and Rimouski counties. 


The Mining Industry of the Province of Quebec, 1940. A. O. 
DUFRESNE AND OTHERS. Pp. 98; pls. 4; figs. 1; numerous unnumbered 
tables. Quebec Bur. Mines. Quebec, 1941. 


Manganese Resources of East Tennessee. S. O. Reicuert;, (G. I. 
Wuittatcu, edit.). Pp. 204; pls. 14, inc. several geol. maps; figs. 47; 
tables 3; geol. map in color, 16” X 27”, scale 1: 500,000. Tenn. Geol, 
Surv., Bull. 50. Nashville, 1942. Covers geology of ore deposits and 
current mining activities. Includes partial reprinting of U. S. Geol. 
Surv., Bull. 737. The numerous maps add greatly to the clarity of the 
report. 
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REPORT ON THE DIVISION OF GEOLOGY AND GEOGRAPHY 
OF THE NATIONAL RESEARCH COUNCIL, 1942 


The annual meeting of the Division of Geology and Geography of the 
National Research Council was held on May 2, 1942. The Chairman, 
W. H. Bucher, in his summary commended the work being done by 
geologists on strategic mineral supplies, a field not specifically covered by 
the activities of the Division. Needless to say, a considerable proportion 
of the activities of the Division have also dealt with war work, and the 
joint meeting of geologists and geographers was given entirely to such 
reports. 

The War Problems Committee of the Division, Chester R. Longwell, 
Chairman, is engaged in work that could not be fully disclosed, but Dr. 
Longwell mentioned problems connected with the optical quartz supply, 
and geophysical work immediately applicable to war problems as indicative 
of certain activities. The committee is receptive to suggestions about 
definite problems of possible military application that involve geologic 
factors. 

The Geological Society of America, the American Association of 
Petroleum Geologists, and the American Geophysical Union have each 
set up special committees to determine and coordinate their respective 
responsibilities. In addition to specific tasks undertaken, the committees 
have brought the possible utilization of geology to public and official 
attention through contacts with military and civil agencies, and through 
the publication of pamphlets by the G.S.A. (see below). 

At the present time geologists are being used mainly in engineering 
geology tasks connected with military construction work, but it is expected 
that increased need for them will develop in combat forces. It was 
stressed that the maintenance of our supply of trained geologists is being 
seriously threatened by deferment regulations, which do not permit 
students to continue through the post-graduate period of training. A 
long war will lead to a serious scarcity of men in specialized branches of 
geology. Temporarily this loss will doubtless be offset somewhat by the 
movement of college staffs into defense work. From the long range 
viewpoint this will further tend to aggravate the situation. 

The geographic phases of war work were described by representatives 
of the Office of the Geographer, Department of State; of the Geographic 
Section of the War Department; and of the Geography Division, Co- 
ordinator of Information. Items of special interest to economic geologists 
were maps and studies of the distribution and flow of raw materials, such 
as those prepared by the Board of Economic Warfare. 

As to reports on regular committees, the Committee on Problems of Ore 
Deposits, T. S. Lovering, Chairman, was declared inactive owing to the 
more urgent duties of most of its members; its project to initiate study of 
the system hydrogen-oxygen-sulphur has had to be postponed for lack of 
funds and a trained specialist to undertake it. The Chairman of the 
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Geophysical Union, R. M. Field, reported that the Union had planned 
an annotated bibliography of articles covering the combined use of 
geophysical and geological methods in various fields of exploration. Such 
a compilation should prove useful in engineering phases of civil and 
military geology. 

The annual dinner held on the evening of May 2 was attended by 
geologists and geographers who were committee members or delegates. 
The address given by Sidney Paige on the subject “Some effects of war 
on scientific investigation and the field of geology in the Army” touched 
off an extended discussion of the ethics of warfare, its rdle in human 
betterment, and the relations between the United States and Latin 
America, Russia, and China. 

Several publications of special interest to economic geologists were 
sponsored by the Division and have appeared during the last year or are 
now in press. These include: 

Geological Society of America, pamphlet series on “How can geology 
serve in total war?”: four publications as follows: 

(1) Bibliography of military geology and geography, prepared under 
the direction of W. H. Bucuer, Chairman of the Division of Geology and 
Geography. 

(2) Utilization of geology and geologists in war time, prepared under 
direction of the Committee on War Effort of the G.S.A. 

(3) War: geologists and engineering, by S1pNEy PatcE, Senior Geol- 
ogist North Atlantic Division, United States Engineers. 

(4) The réle of geology in the first World War, by Douctas JoHNSON, 
President, Geol. Soc. Amer., former Major, Intelligence Division, U. S. 
Army. 

Report of the Committee on Problems of Ore Deposits, T. S. Lovert1ne, 
Chairman. Mimeographed report, May 1942. 

Handbook of Physical Constants (Geologic Materials), edited by 
Francis Bircu, J. F. ScHArRER, AND H. Cecit Spicer. Geol. Soc. Amer. 
Special Papers, No. 36, 1942. 

Ore Deposits and Structural Features, edited by W. H. Newuouse, 
Chairman former committee on Processes of Ore Deposition. Princeton 
University Press. 

W. S. BursBank, Representative, 
Society of Economic Geologists. 


NATIONAL ROSTER OF SCIENTIFIC AND 
SPECIALIZED PERSONNEL. 


The officials of the Society have been requested by its affiliate, the 
Geological Society of America, to call to the attention of American 
geologists the importance of registering with the National Roster of 
Scientific and Specialized Personnel, National Academy of Science 
Building, Washington, D. C. Such members are also asked to urge 
younger geologists of the United States of America, not yet members 
of the Society, to register in similar fashion. Inquiries should be ad- 
dressed directly to Mr. James C. O’Brien, Executive Officer, National 
Roster of Scientific and Specialized Personnel, 916 G Street, N.W., 
Washington, D. C. Registrants who are geologists should request the 
General Questionnaire and the Technical Check List for Geologists. 
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SCIENTIFIC NOTES AND NEWS 





A licensing system, which became effective on April 20, has been set 
up in the Board of Economic Warfare for all publications containing 
scientific, technical or professional data for mailing abroad. Since a 
large number of copies of the Journal are sent to subscribers abroad it is 
necessary to submit complete proof of material for each number to the 
Technical Data License Division of the Office of Export Control for 
approval. After such approval a license is granted by the Office of 
Censorship which permits mailing, and the Journal may be printed. We 
hope that our subscribers will bear with us, if copies of the Journal for 
the next few numbers are later than the publication date, until all details 
of the procedure have been smoothed out. 


A. M. Bateman, Editor of the Journal, and Silliman professor of 
economic geology at Yale University, has been appointed Chief of the 
Metals and Minerals Division of the Board of Economic Warfare, in 
charge of investigation, development and exploitation of needed war min- 
erals in all countries outside of the United States. 


Per GEIJER has been appointed director of the Geological Survey of 
Sweden, succeeding Axe GAVELIN, retired, and has resigned from his pro- 
fessorship at the Royal Technical University. 


A. I. Levorsen of Tulsa, Oklahoma was the featured speaker at the 68th 
annual commencement of the Colorado School of Mines on May 1. 
During the exercises Mr. Levorsen was awarded the honorary degree of 
Doctor of Engineering by the School of Mines. 


Ben LicHTFo0t, director of the Geological Survey of Southern Rhodesia, 
has been awarded the Draper Memorial Medal by the Geological Society 
of South Africa. H. F, FromMunrze is president of the Society. 


Under an exchange lecture arrangement between Michigan College of 
Mining and Technology and the University of Michigan, A. K. SNELGROVE, 
head of the department of geological engineering at Michigan Tech, 
delivered a series of addresses at Ann Arbor on “Geological Prospecting 
Criteria.” A. J. EarpLey of the University of Michigan in his lectures 
at Houghton discussed oil geology, Cordilleran structure, and tactical and 
geological interpretation of aerial photographs. 


R. H. Sates was awarded the Egleston Medal for distinguished en- 
gineering achievement at the annual dinner of the Columbia Engineering 
School Alumni Association on April 17. The presentation carried the 
citation that Dr. Sales “has attained high distinction in his career as a 
mining geologist, not only for his brilliant and competent scientific work in 
the Butte district, but also for the convincing way in which he has 
demonstrated the value of geology to the entire mining industry.” 
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. K. Gustarson of the Hollinger Toronto office is directing a geological 
S' > $ § 
prospecting expedition in Labrador this summer. 


The CoLorapo ScHoor oF MINEs announces a summer course in mining 
research July 6 to September 2. Information may be obtained from 
Director of the Summer Session, Colorado School of Mines, Golden. 


The NationaL ResearcH Councit has recently issued the fourth edi- 
tion of a Handbook of Scientific and Technical Societies and Institutions 
of the United States and Canada. The United States section contains in- 
formation on 1,269 societies, associations, and similar organizations in 
the natural sciences and related fields. There are also included a number 
of more general organizations and special institutions supporting scien- 
tific research. The Canadian section, compiled through the cooperation 
of the National Research Council of Canada, contains information con- 
cerning 143 organizations. The information for this edition was fur- 
nished during the period July 1, 1941 to January 15, 1942. Copies may be 
obtained from the National Research Council, 2101 Constitution Ave., 
Washington, D. C. 











